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Background: Following anterior cruciate ligament reconstruction (ACLR), many
individuals face undesirable neuromuscular sequela that contributes to decreased physical
functioning. Objectives: 1) To describe neuromuscular variables, functional outcomes,
and patient-reported outcomes that contribute to recovery following ACLR. 2) To
compare outcomes between quadriceps tendon and patellar tendon autograft groups.
Methods: Neuromuscular measures (quadriceps muscle size, knee extensor strength, and
central activation) were correlated to measures of physical (hop testing and gait
outcomes) and patient-reported function (IKDC and KOOS scores). All above variables
were compared between individuals who had ACLR using quadriceps tendon and patellar
tendon autografts. Lastly, a questionnaire of patient-reported knee health (KOOS-JR) was
evaluated for its psychometric properties. Results: Individuals following ACLR
experience declines in neuromuscular and functional outcomes, particularly in the
surgical limb, and regardless of graft type. The hop test continues to be a useful indicator
iii

of neuromuscular function in the long-term following ACLR. The gait variables and
patient-reported outcomes studied in this dissertation were not useful indicators of
neuromuscular function. Conclusion: Taken together, the results expose the included
outcomes as indicators (or not) of recovery following ACLR. Future work should focus
on improving the clinical applicability and translation of measures of neuromuscular and
physical functioning.
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1. CHAPTER ONE

INTRODUCTION

1.1 Background
Anterior cruciate ligament (ACL) sprains are one of the most debilitating knee
joint injuries. ACL injuries occur in nearly 300,000 Americans per year and have an
economic impact that exceeds $2 billion in U.S. healthcare dollars.1 ACL reconstruction
(ACLR) is a surgical procedure performed to stabilize the injured joint and facilitate
functional recovery. Unfortunately, functional recovery is not always achieved, and 2545% of individuals fail to return to pre-injury activity levels.2,3 These individuals face
undesirable neuromusculoskeletal sequela that likely result from peripheral and central
(mal)adaptations (i.e., muscle weakness, atrophy, and activation deficits) that contribute
to increased risk for re-injury,4,5 development of early-onset osteoarthritis,6,7 and
decreased quality of life.8 Given that the most often-stated goal for ACLR patients is to
return to pre-injury activity levels, efforts to elucidate these underlying mechanisms must
be undertaken. Until this occurs, efforts to improve rehabilitation following ACLR will
be hindered by trial and error methods, rather than informed mechanistic bases.
Long-term strength deficits of the extensor musculature surrounding the
reconstructed knee (e.g. quadriceps femoris muscle group) are consistently observed even
years after surgery.9,10 This strength loss can be largely attributed to an inability to
voluntarily activate the quadriceps muscle group—known as voluntary activation
deficit—which compromises strength and effectively limits the dose of rehabilitation that
can be delivered. Additionally, magnetic resonance imaging (MRI) studies show that the
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muscles surrounding the reconstructed knee experience significant atrophy following
ACLR.11-14 Together, the reductions in muscle size and voluntary activation account for
~60% of variance in quadriceps strength six months following ACLR.12 However, to
date, little is known regarding if, and to what extent, these mechanisms may contribute to
functional recovery, such as proper walking mechanics that limit risk of developing longterm consequences.
Other underlying contributors to long-term quadriceps dysfunction may be the
various procedures performed during the reconstruction. This dissertation specifically
compared the quadriceps tendon (QT) and bone-patellar tendon-bone (BPTB) autograft
procedures and their effects on long-term function. While several graft options are
available for reconstruction of the torn ACL, use of patient’s own tissue, known as
autograft, remains the standard method with BPTB autografts being the most common
choice.15 However, use of this graft does come with complications, such as donor site
morbidity, patellofemoral pain, and quadriceps weakness following surgery.13
Additionally, BPTB autografts predispose patients to risk of knee osteoarthritis at a
greater rate than other autograft types.16 These concerns provide reason to continue the
search for an optimal approach. Emerging surgical techniques aim to improve outcomes
by reducing complications and recovery time. The QT autograft offers a unique soft
tissue option, with a larger and stronger anatomical area from which to harvest the graft.17
Compared to the BPTB autograft, the QT autograft also offers decreased donor-site
morbidity.18-20 However, there is very little information on clinical outcomes following
ACLR with QT autografts.21 Quantifying the extent to which QT autograft procedures
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affect muscle quality and function will guide future research endeavors to optimize
surgery and rehabilitation for these patients.
In addition to quantitative assessments of muscle form and function, obtaining
subjective measures of function, as described by the patient, is crucial in delivering
patient-oriented healthcare. More commonly known as patient-reported outcomes
(PROs), these measures are an integral piece of rehabilitative care for individuals with a
variety of knee injuries and conditions. The Knee Injury and Osteoarthritis Outcome
Score (KOOS) is one of the most common knee-related PROs used in clinical practice to
assess self-reported knee health and function in individuals following ACLR. However,
the orthopedic community has expressed concern with lengthy PROs (KOOS has 42
items), thus short forms are beginning to emerge. The KOOS-JR was originally
developed for individuals with end-stage osteoarthritis undergoing total knee
replacements,22 but it is also being used in individuals post-ACLR without a substantiated
basis. While short forms do have the potential to decrease respondent burden and
promote efficiency for administration, theoretical and methodological investigation must
be undertaken to determine clinical usefulness in the ACLR population. The KOOS has
been evaluated with traditional test methods, otherwise known as classical test theory, but
these methods are often insufficient in establishing proper measurement properties in data
with an ordinal response structure, such as used in the KOOS. Alternatively, ordinal
response structures can be sufficiently evaluated using item response theory (specifically
Rasch analysis), and thus were used in this dissertation.
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1.2 Significance
Quantifying the extent to which functional and patient-reported measures predict
successful rehabilitation outcomes following ACLR will provide a better understanding
of the underlying mechanisms that limit full recovery in so many of these patients. The
reality is that current surgical and rehabilitative practices are not effectively restoring
these function and abilities for some individuals. In the longer-term, current practices are
also not effectively preventing the progression of early-onset osteoarthritis in patients
with ACLR. Thus, the potential to identify and more effectively treat those individuals at
risk of experiencing long-term deficits following ACLR could have immense personal,
economic, and psychological impacts. This dissertation will also lay a foundation upon
which rehabilitation of these individuals can be enhanced. Ultimately, improving
recovery following ACLR will not only allow these individuals to regain active lifestyles,
but likely improve overall quality of life and decrease risk of long-term complications.
With the above in mind, this dissertation explored surgical, functional, and self-efficacy
variables related to recovery (or lack thereof) following ACLR.

1.3 Specific Aims

Specific Aim 1: Determine the extent to which neuromuscular adaptations contribute to
functional recovery in individuals 6-24 months following ACLR.
Hypothesis 1: Reduced knee extensor strength, quadriceps cross-sectional area, and
central activation in the surgical limb will be related to reduced physical functioning
(compensatory patterns during walking and decreased hop testing scores).
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Hypothesis 2: Reduced knee extensor strength, quadriceps cross-sectional area, and
central activation in the surgical limb will be related to reduced self-reported function
(IKDC scores).

Specific Aim 2: To determine differences in neuromuscular adaptations in individuals 624 months following ACLR using quadriceps tendon autografts versus patellar tendon
autografts.
Hypothesis 1: Individuals with quadriceps tendon autografts will have significantly
decreased knee extensor strength, quadriceps cross-sectional area, and central
activation between reconstructed and contralateral limbs.
Hypothesis 2: Individuals with quadriceps tendon autografts will exhibit decreased
interlimb deficits in knee extensor strength, quadriceps cross-sectional area, and
central activation, when compared to individuals with patellar tendon autografts.
Hypothesis 3: The relationships between physical function and self-reported function
will be stronger in individuals with quadriceps tendon autografts versus patellar
tendon autografts.

Rationale for Specific Aims 1 & 2: The rationale motivating this investigation are that
1) central and peripheral neuromuscular dysfunction of the quadriceps contributes to
disability in individuals following knee surgery, and 2) alternative surgical techniques are
being utilized without full understanding of the long-term effects. Aim 2 and its
hypotheses are based on the rationale that quadriceps tendon autografts minimize donor
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site morbidity and decrease anterior knee pain. Decreased morbidity and pain are
theorized to translate to improved self-perceived knee function and quality of life.

Specific Aim 3: Evaluate the dimensionality and psychometric properties of the KOOSJR using item response theory in individuals following ACLR.
Hypothesis: The KOOS-JR will represent a unidimensional construct, however,
significant ceiling effects will be present.

Rationale for Specific Aim 3: Evaluating the measurement properties of the KOOS and
KOOS-JR in individuals post-ACLR is necessary to determine their clinical value and
improve patient-reported outcomes. The KOOS-JR is being used clinically to measure
self-reported knee health following ACLR, however, it was originally designed for
individuals with end-stage knee osteoarthritis. Since the KOOS-JR was developed using
Rasch, the hypothesis is driven by the assumption that it will continue to fit the Rasch
model. However, the use of the KOOS-JR in individuals post-ACLR will likely result in
ceiling effects, since individuals who sustain ACL injuries are younger and higher
functioning than individuals with end-stage knee osteoarthritis.
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2. CHAPTER 2

REVIEW OF THE LITERATURE

Introduction
Anterior Cruciate Ligament Injury
Incidence
Anterior Cruciate Ligament Reconstruction
Purpose and Outcomes
Quadriceps Tendon Autografts
Neuromuscular Adaptations of the Quadriceps following ACLR
Strength Deficits
Morphological Muscle Changes
Central Deficits
Functional Adaptations following ACLR
Gait Adaptations
Functional Stability
Patient-Reported Outcomes as Indicators of Recovery Following ACLR
The Knee Injury and Osteoarthritis Outcomes (KOOS) Score
The KOOS-JR and Rasch Analysis
Item Response Theory and Rasch Analysis
Significance of Improving Recovery following ACLR
Post-Traumatic Knee Osteoarthritis
ACLR Rehabilitation
Conclusion

2.1. Introduction
The knee joint contributes to the largest source of joint pain in the United States.23
One of the most common knee joint injuries that contributes to significant amounts of
pain is rupture of the anterior cruciate ligament (ACL). ACL sprains were once thought
to be career ending injuries, but advances in surgical techniques and procedures have
resulted in immense improvements in functional outcomes. Nevertheless, approximately
25-45% of individuals fail to return to their pre-injury statuses and are left with varying
degrees of disability.2,3 With healthcare costs in the billions for ACL injuries in the
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United States,1 individuals who sustain this injury face even
greater healthcare costs given the risks of long-term
complications, such as early-onset osteoarthritis.7 Understanding
of the neuromuscular adaptations that occur as a result of injury
and surgery will result in the development of interventions aimed
at improved outcomes and the prevention of long-term neuromuscular dysfunction and
disability. The purpose of this review is to synthesize current literature related to
neuromuscular consequences. Additionally, this review will discuss the role of patientreported outcomes in measuring recovery following ACL surgery.
2.2. Anterior Cruciate Ligament Injury
2.2.1. Incidence
The ACL is the most commonly injured ligament of the knee joint. The incidence
of ACL injuries in the United States is nearly 300,000 per year.1 Most, but not all, ACL
injuries are associated with some degree of athletic activity. Younger individuals are at an
increased risk of tearing their ACL, and females have a three-fold greater risk of tearing
their ACL compared to males participating in the same sport.24 Approximately 70% of
ACL injuries are of non-contact nature,25 with implications of alignment, neuromuscular,
hormonal, and even genetic predispositions. Following surgery, the ACL re-rupture rate
is 6.2% in the involved limb,26 and 11.8% in the contralateral limb.27 These rates are
greater than the risks of originally injuring the ACL.
2.3. Anterior Cruciate Ligament Reconstruction
2.3.1. Purpose and Outcomes
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Anterior cruciate ligament reconstruction (ACLR) is often the treatment of choice
for physically active individuals who rupture their ACL. The surgery aims to ultimately
return the individual to physical activity by restoring knee joint stability that otherwise
would not recover on its own. Approximately 75% of individuals with ACL injuries
undergo reconstruction.28 About 50% of ACL injuries are associated with meniscal
pathologies that are surgically repaired.29,30 Without reconstruction, there are increased
sheer and torsional loads on the articular structures (menisci and cartilage) that contribute
to development of osteoarthritis in the long-term. Adolescents (defined in this dissertation
as ≥14 years and <18 years) are considered to be skeletally matured and undergo the
same standard reconstructive procedures as adults.31 ACLR successfully restores function
in the shorter-term, but emerging evidence reveals that even years to decades after
ACLR, long-term consequences persist.32 These long-term consequences have significant
impact on lower extremity function and knee joint health.
2.3.2. Quadriceps Tendon Autografts
The concept of individualized ACLR is used by many
orthopedic surgeons to choose specific reconstructive
procedures, for example graft type.33 A number of different
graft options exist to include use of patient’s own tissue,
cadaver tissues, or synthetic tissue. Graft choice is made based
on a number of patient characteristics and goals. Ultimately,
the goal of grafting procedures in ACLR is to restore the ACL
to the closest native anatomy as possible while minimizing
donor site morbidity. Naturally, autografts are most often used. Autografts involve
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harvesting of the patient’s own tissue to be used as the new ACL. The patient’s patella
tendon is most commonly harvested, however, the quadriceps tendon has been
increasingly utilized as an alternative, and perhaps superior, option.21 One aim of this
dissertation is to compare the effects of quadriceps tendon and patellar tendon autografts
on quadriceps-related morphological and functional outcomes following ACLR.
Bone-patellar tendon-bone (BPTB) autografts have been extensively studied and
are the standard graft of choice.15 However, they do come with complications, such as
donor site morbidity, patellofemoral pain, and quadriceps weakness following surgery.13
Additionally, the BPTB autograft predisposes patients to risk of knee osteoarthritis at a
greater rate than other autograft types.16,34,35 Thus, these concerns provide reason to
continue the search for a more optimal autograft. The quadriceps tendon (QT) offers a
unique soft tissue option, with a larger and stronger anatomical area from which to
harvest the graft.17 Anatomical studies have revealed that the QT is thicker, longer, and
wider36,37 with greater collagen levels contributing to greater strength of the QT
compared to the patella tendon.38 Evaluation of the extensor mechanism in cadaveric
samples found that the QT harvest site could withstand greater tensile loads than the
patellar tendon graft site.39 This evidence provides reason to believe that the QT autograft
could result in enhanced early and long-term clinical and functional outcomes due to less
stresses on the graft and donor sites.
Although interest in its use has been on the rise, the QT autograft is the least used
autograft type.40 Initial studies utilizing a QT autograft have revealed decreased donorsite morbidity18-20 when compared to the BPTB autograft. However, a recent systematic
review by Slone at al.21 revealed a lack of studies on ACLR clinical outcomes with QT
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autografts. Only four studies from this systematic review evaluated long-term knee
extensor strength following this procedure. Additionally, no study to date has quantified
the effects of the QT autograft on quadriceps muscle size measured using MRI, despite
the strong prediction of muscle size to strength following ACLR with other
autografts.11,41 Further, little research exists comparing QT autografts to other autografts.
In the systematic review, Slone et al.21 identified only six studies that compared QT to
BPTB autografts. Due to this lack of evidence, many orthopedic surgeons are skeptical of
using the QT and few rehabilitation clinicians have treated patients with QT autografts in
the clinic. Recommendations have been made to base rehabilitation on surgeon’s graft
choice,33 yet even the clinical practice guidelines from the American Academy of
Orthopedic Surgeons excluded all studies that involved QT autografts.42 The reality is
that clinicians will work with patients with the QT autograft, but minimal high-quality
sources are available to guide rehabilitation strategies at this point in time.
2.4. Neuromuscular Adaptations of the Quadriceps following ACLR
Neuromuscular consequences that occur to structures that were not directly
injured (i.e., quadriceps) during joint injuries are termed arthrogenic muscle inhibition
(AMI). 43 (Figure 1) This phenomenon occurs secondary to the ACL reconstructive
procedure. It is not only due to decreased motorneuron activity that contributes to
diminished strength, but is also likely a protective mechanism to prevent excess forces
occurring at the knee joint. Ironically, though, it contributes to long-term complications
that increase risk of re-injury and development of post-traumatic knee osteoarthritis.44
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Figure 1. The Injury Paradigm, from Hopkins and Ingersoll 43
(AMI=arthrogenic muscle inhibition)

2.4.1. Strength Deficits
Muscle weakness is one of the components of the AMI model. It is well
established that quadriceps weakness is a major problem, especially at time of returning
to activity following ACLR.9,45,46 Based on a recent review, included individuals
exhibited deficits in quadriceps strength averaging 24% at the 6-month time point
following ACLR.47 This is especially concerning, given that many rehabilitation
protocols are designed to return individuals to activity by this time. Quadriceps strength
symmetry has been traditionally used to determine function and readiness to return to
activity. Quadriceps strength asymmetry at time of return to sport relates to both knee
joint biomechanical asymmetry during walking48 and single leg drop landing
asymmetry.46 However, strength symmetry has its downfalls as a measure of readiness to
return to activity. For example, the contralateral limb is also affected by ACLR and
disuse.49,50 Therefore, symmetry indexes may overestimate an individual’s level of
recovery. An alternative is to normalize strength to individual’s body mass. Both methods
positively predicted self-reported function (IKDC scores), but strength normalized to
body mass showed higher accuracy for predicting higher functioning individuals.51
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Strength normalized to body mass also has a high cutoff point (3.1 Nm/kg), indicating
that strength must get significant attention in rehabilitation.
2.4.2. Morphological Muscle Changes
Another complication of joint injury that is also part of the AMI model is a
significant decrease in muscle size. Quadriceps atrophy, measured as cross-sectional area
via MRI techniques, has been related to the quadriceps weakness six months postACLR.14,52 Typically, the quadriceps muscles are most often reported to experience
atrophy, but other muscles (ie, semitendinosis) from which autografts are drawn also
experience atrophy.53 Changes in muscle morphology are also evident in research studies
that have demonstrated fiber length and fiber type changes. Type II muscle fibers are
selectively inhibited following ACLR,54 which can affect ability to generate quick,
powerful movements. Although not addressed in the AMI model, muscle power is also
significantly affected after ACLR, with individuals exhibiting deficits six months postsurgery.55
2.4.3. Central Deficits
In addition to peripheral involvement (i.e., atrophy and weakness), it is important
to consider central (i.e., activation) nervous system involvement in joint injury. This is of
particular interest in ACL research, given that the ligament provides neural information
to the central nervous system.47 Central activation is a measure of the proportion of the
quadriceps motor neuron pool that can be volitionally activated, which is a contributing
factor in diminished force production following ACLR.56 It has been related with
avoidance patterns during gait, patient-reported knee function, and quality of life. 6 One
method for measuring central activation is the superimposed burst, which utilizes
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percutaneous electrical stimulation to activate an individual’s muscle beyond their ability
to voluntarily contract. (Figure 2) Individuals are “fully activated” if they have ≥95%
volitional activation, while activation failure is considered to be <95%. Following ACLR,
the quadriceps femoris musculature of the involved limb exhibits 87.3% activation,
according to a recent systematic review including 15 studies.44 Even more concerning is
the 89.1% activation observed in the uninvolved limb. (Normal activation is ~98.5%, as
evidenced by the control participants.) When incorporating quadriceps activation deficits
into the model together with atrophy, 60% of the variance in quadriceps strength is
explained,12 indicating that these two variables should be addressed to combat muscle
weakness (even though they are often not) throughout rehabilitation. Following total knee
replacements, quadriceps activation deficits have been found to recover over time, while
atrophy remains an issue in the longer term.57 Similarly, quadriceps activation deficits
may be more strongly related to strength in the earlier stages, and not as strongly 2-15
years following ACLR.58 Muscle atrophy must be addressed in the longer term following
ACLR. Improvements in quadriceps activation significantly related to improvements in
strength following eccentric training, indicating that greater activation allows for greater
potential for strength gains.50 However, these relations were weak, implicating that other
factors are involved. Similar to the previously mentioned issues with comparing bilateral
strength, activation comparisons between involved and uninvolved limbs should be
interpreted with caution, as they may over-represent recovery.59 It is vital that activation
deficits be addressed in both limbs, given the high-risk of spraining the ACL of the
uninvolved limb after ACLR.
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𝐶𝑒𝑛𝑡𝑟𝑎𝑙 𝐴𝑐𝑡𝑖𝑣𝑎𝑡𝑖𝑜𝑛 (%) =

𝑇𝑜𝑟𝑞𝑢𝑒𝑀𝑉𝐼𝐶
𝑥 100%
𝑇𝑜𝑟𝑞𝑢𝑒𝑀𝑉𝐼𝐶 + 𝑇𝑜𝑟𝑞𝑢𝑒𝑆𝑇

Figure 2. Superimposed burst technique to calculate central activation ratio

With advancing technology in neuroimaging and neural measures, researchers
have gained greater appreciation for the presence of central nervous system involvement
in peripheral joint injuries, even titling changes exhibited at the cortical level as
“musculoskeletal-injury-induced neuroplasticity.”60 Altered corticospinal and spinal
reflexive excitability have been demonstrated in the early and late phases of ACLR
rehabilitation.50 Even individuals that were 2-3 years post-ACLR demonstrated increased
corticospinal excitability (i.e., a greater stimulation is required to elicit a motor response)
when compared to healthy controls.6,41 Neural impairment may be an underlying cause in
the often unsuccessful restoration of quadriceps strength and function after ACLR, but is
often overlooked in traditional rehabilitation. As we gain a greater understanding of the
contributions and relationships of both central involvement after ACLR, we can design
more appropriate interventions to target neural impairment.
2.5. Functional Adaptations following ACLR
2.5.1. Gait Adaptations
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Neuromuscular consequences following ACLR alter gait, which can further lead
to joint disability. For example, reduced quadriceps strength is predictive of altered gait
patterns.61 More specifically, less rate of torque development was related to reduced peak
vertical ground reaction forces, a factor that is known to breakdown cartilage over time
leading to osteoarthritis.62 Unloading of the involved limb is not ideal for long-term
cartilage health,63,64 but unfortunately these small, but significant, degrees of weight
shifting during gait are not always clinically observable. Gait speed is another important
(and more clinically feasible) variable to consider following ACLR. Evidence has shown
that slower gait speeds are strongly correlated with greater collagen degradation several
years after surgery.65 Although longitudinally evaluating changes in gait speed may not
be a highly sensitive variable in ACLR populations,66 encouraging patients to walk faster
may combat neuromuscular and osteoarthritic consequences.
Early work using GAITRite has shown utility as a tool to weed out individuals
more likely to experience poor outcomes in the longer term following ACLR.66
GAITRite is a feasible clinical tool that is useful when high-tech motion capture labs are
not available. It only requires that the patient walk on a mat, while the computer outputs
spatiotemporal variables. Very little work has been done using the GAITRite in this
population, and although ceiling effects may be present in this group, we can gather very
important information using this tool. Spatiotemporal variables of interest include gait
speed, cadence, step length, and time spent in double and single limb support. All of
these spatiotemporal variables measured using GAITRite exhibited moderate to high
correlations with IKDC scores,66 indicating the important link between clinical and PRO
measures of function.
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2.5.2. Functional Stability
Clinically feasible and relatively easy to conduct, hop tests are the most common
tests of functional stability following ACL injury and reconstruction.67 They are safe,
reliable, and valid measures of knee stability and neuromuscular control with improved
performance believed to reduce re-injury risk.68 Like muscle strength, they are used in the
determination of readiness to return to activity. Ideally, hop tests should be conducted on
both limbs in order to calculate symmetry, with readiness to return to activity determined
as limb symmetry indexes ≥90%.69 However, as previously mentioned, the contralateral
limb is also significantly affected by ACLR and exhibits deficits during hop tests
compared to age- and sex-matched healthy controls.69 Therefore, limb symmetry indexes
should be interpreted with caution.49 Hop test performance is significantly predicted by
quadriceps strength,48 thus hop testing may serve as an alternative for clinics that don’t
have access to dynamometers. Additionally, greater symmetry in hop tests conducted six
months post-ACLR was predicative of greater self-reported knee function at one year.70
Fear of re-injury is another major concern following ACLR,71 and hop tests are clinically
helpful in elucidating fear that may be inhibiting individuals from returning to full
activity.
2.6. Patient-Reported Outcomes as Indicators of Recovery Following ACLR
A recent surge in patient-reported outcomes (PROs) research has revealed the
strong influence of patient self-efficacy involved in ACL recovery. In many cases, knee
function has been restored to normal or near normal, and yet, the individual is not
comfortable with returning to activity.72 PROs can assist clinicians in identifying other
factors at play. PROs also stimulate conversation between the clinician and the patient.
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As PROs are often developed through extensive quantitative and qualitative research,
they are designed to ask the important questions that clinicians may be uncomfortable or
unable to ask. Examples of important, intangible information gained from PRO research
are detailed in the following research:
Recent investigation into the relationships among quality of life, impairment, and
function after ACL injury and reconstruction have revealed the importance of
psychological influence in returning individuals to activity/sport.73,74 Patient reported
psychological responses early after surgery are associated with improved recovery and
return to preinjury levels at 12 months post-ACL reconstruction.75 More specifically,
kinesiophobia (patient report of fear of moving/reinjury) is associated with decreased
functional outcomes in the first year after ACL injury.76 A systematic review77 on this
topic identified that patient-reported variables of higher self-efficacy and motivation were
associated with returning to sport, in addition to standard clinician-reported measures. A
key study by Lynch et al.78 encompassed many aspects of the injury model to conclude
that effusion, giving way, muscle strength symmetry, return to sport, and patient-reported
function achieved consensus among clinicians as key criteria for evaluating ‘successful
outcome’ after treatment for ACL injury. Investigating patient satisfaction with the ACL
surgical procedure is also important. Another key study identified that patients were more
likely to be satisfied with their ACL reconstruction if they: 1) had returned to
their preinjury physical activity, 2) reported higher knee-related self-efficacy, and 3)
reported enhanced quality of life.79
One of the most common PRO used following ACL injury and reconstruction is
the International Knee Documentation Committee (IKDC) score. The other most
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common is the Knee Injury and Osteoarthritis Outcome Survey (KOOS). Aim 3 of this
dissertation involves extensively studying the KOOS, thus the KOOS will be described in
more detail below.
2.6.1. The Knee Injury and Osteoarthritis Outcome Survey (KOOS)
The Knee Injury and Osteoarthritis Outcome Survey is a PRO that inquires about
knee-related health (pain, symptoms), activity (activities of daily living, sport and
recreation), and quality of life. Roos et al.80 developed the KOOS based on a literature
search, expert panel, and pilot study. It is intended to be used for a variety of knee
injuries/conditions in both the short- and long-term periods following ACL injury and
surgical intervention. It was also intended to track self-reported knee function related to
manifestation of post-traumatic osteoarthritis.6,7 In the pilot study by Roos et al.80
classical test theory and standard statistical approaches were used to evaluate the
psychometrics of the KOOS. The Western Ontario & McMaster Universities
Osteoarthritis Index (WOMAC) is built into the KOOS with an additional two subscales:
sport/recreation activity and quality of life. Thus, the KOOS includes the 33 items of the
WOMAC plus the 9 items of the two new subscales to embody a total of 42 items
representing five sub-domains (pain, symptoms, function in ADLs, function in
sport/recreation, and quality of life). Administering the KOOS results in scores from each
of the five subscales, as each subscale theoretically represents a different construct.
Aggregate scores for the KOOS should not be calculated, as they have not been
validated; each subscale should be analyzed separately.
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2.6.2. The KOOS-JR and Rasch Analysis
One of the greatest barriers to clinical use of PROs is time.81 Thus, the use of
short-forms, like the KOOS-JR, are appealing: the KOOS-JR is a 7-item questionnaire
derived from the KOOS. These seven questions were extracted using Rasch analysis, a
type of modelling under item response theory, to represent a single dimension of knee
health.22 The strengths of the KOOS-JR are shortened length, high internal consistency,
and ease of scoring. Another major advantage is that the KOOS-JR can be derived from
the full KOOS, making retrospective analyses, such as used in this dissertation, still
possible. Stakeholders are encouraging the use of PROs in healthcare to improve quality
of care and for reimbursement purposes. For example, the Comprehensive Care for Joint
Replacement model recommends use of joint-specific PROs, specifically the KOOS-JR
for total knee replacement, expecting them to become mandatory in 4-5 years.82 It is
likely that ACL injury and reconstruction will follow, as they are so directly linked to
medical work and research of osteoarthritis and total knee replacements. Clinical
orthopedic teams are already administering the KOOS-JR to patients before and after
ACL reconstruction, but the KOOS-JR was developed using patients with end-stage
osteoarthritis scheduled to undergo total knee replacement, not ACL patients. There is no
literature to describe how this questionnaire functions in this population. Rasch analysis
provides the means to assess the dimensionality and psychometric properties of the
KOOS-JR to determine its clinical utility in the ACLR population. The following section
describes details and rigor of item response theory and Rasch analysis in accomplishing
these goals.
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2.6.3. Item Response Theory and Rasch Analysis
Traditional analysis methods (t-tests, correlations, factor analysis, etc.), otherwise
known as classical test theory, are often inadequate approaches to evaluating the
properties of PROs. As opposed to classical test theory, item response theory (IRT)
provides a more rigorous approach. IRT utilizes probabilities to investigate the
relationship between person ability and item difficulty, taking into consideration which
items are more or less difficult and which persons have more or less ability.83 Item
response theorists claim that Rasch analysis is the most appropriate method of
validation.84 The data must “fit” the mathematical model before we can be satisfied in
moving forward with other statistical approaches and clinical use. A flaw of classical test
theory for analyzing survey data is the assumption that responses represent continuous
data and interval scales, to which standard statistical approaches can be applied. Item
response theory is equipped to handle categorical and ordinal data, and Rasch models are
“currently the closest generally accessible approximation of fundamental measurement
principles of the human sciences.”83
The following illustrates an example of misuse of PROs and traditional methods
for analysis: Frobell and colleagues85 used the KOOS as a primary outcome in a
randomized trial investigating surgical intervention versus conservative treatment for
ACL injury. The summed and weighted totals of the KOOS were compared between
groups (which is not justified by item response theorists86) and researchers concluded that
surgical intervention was not superior to conservative management. This created a lot of
backlash from measurement experts87 questioning the results of this trial and the use of

22
PROs as primary endpoints. Use of PROs, such as in this example, can create misleading
results and deleterious conclusions for clinical practice.
The combining of subscale scores of the KOOS is not justified because the KOOS
is not well-conceptualized. Each of the subscales represents a different construct of knee
health. Additionally, not all subscales represent unidimensionality, a central assumption
of the Rasch model. An evaluation of the KOOS using Rasch analysis in patients 20
weeks post-ACLR revealed that Symptoms, Pain, and Activities of Daily Living subscales
(the three WOMAC subscales) did not fit the Rasch model by demonstrating
unidimensionality.86 In other words, they did not fulfill the requirements of a
measurement scale. This makes sense, as these three scales were originally created for
patients with knee osteoarthritis, not ACL injury. Interestingly, the same three subscales
of KOOS that did not fit Rasch model are the same three subscales that do not correlate
strongly with hop test scores.88 The KOOS-JR has not been evaluated at all in the ACL
population, but we speculated that similar observances would be noted, as this PRO was
not originally intended for ACL patients.
2.7. Significance of Improving Recovery following ACLR
2.7.1. Post-Traumatic Knee Osteoarthritis
Once thought to be a condition of only the elderly, knee osteoarthritis is affecting
younger individuals as a consequence of traumatic knee injury. Early-onset osteoarthritis
that develops as a result of injury or surgery is referred to as post-traumatic osteoarthritis.
Post-traumatic osteoarthritis accounts for 10% of all osteoarthritis cases in the knee.89
The risk of developing post-traumatic osteoarthritis following a knee injury is 4.2 times
greater than no history of knee injury.90 This condition is a growing concern especially
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following ACLR. Previously, ACLR was believed to prevent the osteoarthritic
consequences that are known to develop in an ACL-deficient knee, but recent evidence
shows that arthritic changes are seen in as little as five years of injury, regardless of
undergoing ACLR or conservative treatment.29 Presence of OA is greater in ACLR knees
(41-44%) compared to ACL-deficient knees (31-37%) in the first two decades following
the surgery or injury.32,91 By the second decade following ACLR, almost 50% of
reconstructed knees present with osteoarthritis.32 Additionally, patients who undergo
meniscectomy are 3.5 times more likely to have radiographic knee OA after ACLR than
those without meniscectomy.92
Several of the variables that were evaluated in this dissertation are predictive of
knee OA. Quadriceps weakness predicts narrowed joint space7 and increases the odds of
OA.93 Since activation contributes to quadriceps inhibition and weakness following
ACLR, it has been hypothesized that activation is also a contributing factor,94 although
little research has been conducted to determine the relationship. Walking speed
significantly predicts risk of developing OA95 and correlates with cartilage changes
(early-OA) in both short and long-term follow-up.65 Studies have shown that unloading
of the ACL knee (decreased peak vertical ground reaction forces) contributes to arthritic
changes.62,63 Thus, the importance of proper gait mechanics must be stressed in long-term
rehabilitation. Lastly, KOOS scores are significantly correlated with symptoms of
osteoarthritis in individuals years (average of 7 years) following ACLR.96 If physical
function is not fully restored following ACLR,74 individuals will be returned to activity
before their knee joint is ready to handle the high demands placed on it.
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Despite advances in surgical techniques and rehabilitation for ACL injuries, it is
evident that current practice post-ACLR is not preventing long-term consequences.
Individuals with history of ACL injury or reconstruction are at an increased risk for
experiencing negative lifestyle changes associated with knee OA, such as decline in
physical activity and increase in chronic diseases. Even more alarming, after adjusting for
age, sex, and race, there is a 23% increased risk of death in individuals with knee
osteoarthritis.97 Thus, this topic is a very serious concern that requires attention and
secondary prevention strategies to avoid these long-term disabilities in our patients
following ACLR.
2.7.2. ACLR Rehabilitation
The goal of rehabilitation following ACLR is to restore quadriceps strength and
promote knee health. Additional patient goals include returning to pre-injury activity
levels. Returning to activity is a prominent surrogate measure of ACL recovery and
should occur in a timely manner to prevent sedentary lifestyles and decrease risk of
traumatic osteoarthritis.98 However, as evidenced by the literature presented in this
review, current rehabilitation practice is not sufficiently restoring quadriceps function,
and many individuals are faced with years of diminishing knee health. Understanding the
interconnection between muscle quality and function, as well as the effects of alternative
autograft procedures, will aid in design of more appropriate and innovative rehabilitation.
The potential to identify and more effectively treat ACLR patients at risk of
experiencing long-term deficits following rehabilitation could have immense personal,
economic, and psychological impact on these individuals. Making these determinations
are critical so that improvements may be made upon existing standards of care and
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rehabilitative paradigms. Specifically, this information can facilitate the identification
and development of interventions targeting neuromuscular deficits, rather than strength
alone. With greater evidence for cost-effective interventions, policy makers and third
party payers can provide better coverage for nonresponding ACLR patients who need
longer-term healthcare.
2.8. Conclusion
Individuals following ACLR are at an increased risk for re-injury and
development of post-traumatic osteoarthritis that further predispose these individuals to
significant economic burdens. In treating ACL injuries, orthopedic surgeons and
rehabilitation clinicians play a crucial preventative role. This dissertation aimed to
evaluate various contributing factors that prevent full recovery following ACLR in two
different surgical approaches. In considering the International Classification of
Functioning Model,99 we must describe human functioning beyond the “body structures
and function” portion of the model. (Figure 3) Thus, patient-reported outcomes were
incorporated to investigate the relationships between physical and self-reported
functioning in individuals following ACLR. Studying PROs allows us to gain insight into
the patient’s own perception of their knee recovery, thus aiding in the development of
enhanced assessment tools as well as optimized treatment strategies. Ultimately, our
long-term goals are to improve recovery and decrease disability following ACLR.

26

Figure 3. International Classification of Functioning (ICF) model (adopted from WHO,
2001) for ACL Reconstruction outlining aims of this dissertation
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3. CHAPTER 3

METHODS

3.1. Design

This dissertation aimed to investigate central and peripheral neuromuscular adaptations as
indicators of functional recovery following ACLR. It consists of two parts:

Part 1: A cross-sectional study evaluating variables related to recovery following
ACLR. These include muscle size, strength, central activation, functional
tests, and patient-reported outcomes. (Aims 1 & 2)

The methods of Part 1 have been reviewed and approved by the institutional
review board at the Medical University of South Carolina. (IRB #:
Pro00064965)

Part 2: A retrospective analysis using Rasch methods to evaluate the psychometric
properties of the Knee Injury and Osteoarthritis Outcome Score (KOOS),
specifically its short form, the KOOS-JR. (Aim 3)

The proposal to conduct Part 2 has been approved by the institutional review
board at the Medical University of South Carolina as “not human subjects”
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research since it is a retrospective analysis of de-identified survey data. (IRB
#: Pro00070622)

3.2. Part 1 – Cross-Sectional Studies (Aim 1 & 2)
3.2.1. Participants
Individuals (male and female) who have undergone primary anterior cruciate
ligament reconstruction (ACLR) within the Sports Medicine Division at the Medical
University of South Carolina (MUSC) were recruited for this study, based on the
following inclusion/exclusion criteria:
Inclusion criteria: (1) 14-55 years, (2) history of unilateral, isolated ACLR (with
or without meniscus involvement) within the past six months to two years, (3)
reconstructive procedure using autografts harvested from either the patellar or
quadriceps tendon, (4) ACL reconstruction performed by one of the orthopedic
surgeons of the MUSC Sports Medicine Division, and (5) provision of informed
consent from subject (or subject’s legal guardian if subject is <18 years of age).
Exclusion criteria: (1) history of lower extremity injury, other than ACLR,
within the past six months, (2) previous orthopedic surgeries or ligamentous knee
or injury to either the uninvolved limb or other joints in the involved limb within
the past six months, (3) inability to walk without assistance from orthotic, knee
brace, or another person, (4) self-reported knee arthritis that would limit passive
range of motion at the knee joint, (5) any contraindications to magnetic resonance
imaging, such as metal implants, pacemakers, claustrophobia, etc., (6) pregnant,
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or plans to become pregnant, at time of enrollment, and (7) inability or
unwillingness of subject or legal guardian to give informed consent.
Subject Recruitment
All individuals who had undergone ACLR within the past two years were
identified via electronic medical records. Study personnel screened patients for
inclusion/exclusion criteria in the medical records. Those that meet this inclusion criteria
were contacted via telephone. Additional screening via telephone included inquiring
about any history of lower extremity injuries or surgeries within the last six months.
Children/adolescents, defined as ≥14 years but <18 years, were included in this research
study. Adolescents in this age range are considered to be skeletally mature and undergo
standard reconstructive procedures for the ACL with little risk to growth plate
disturbance.31 In addition, approximately 17% of ACL reconstructions are performed on
individuals in this age group.100
3.2.2. Outcome Measures
3.2.2.1.

Strength Testing

Isometric and isokinetic strength of the knee extensors of both limbs was
measured on an isokinetic dynamometer (Biodex Medical Systems, Inc., Shirley, NY).
Prior to testing, each participant underwent a period of familiarization and warm-up
consisting of sub-maximal knee extension contractions at 25%, 50%, and 75% of their
perceived maximal effort. All contractions were performed with participants positioned
in the dynamometer with hips flexed to 85° and knees flexed to 90°.6 The axis of the
dynamometer was aligned with the knee joint axis of rotation with lever arm secured to
leg being tested proximal to lateral malleolus. Stabilization in the dynamometer was
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maintained with straps at the chest, hips, and knee. The uninvolved limb was tested first
for both conditions. Participants were asked to develop torque as hard and fast as possible
to produce a maximal contraction, separated by 60 seconds rest. They were given
auditory and visual cues to promote maximal contractions. During isometric testing,
maximum voluntary isometric contraction (MVIC) was defined as the highest isometric
torque achieved for 100ms prior to the superimposition of electrical stimulation (see next
section). MVIC was normalized to body mass (Nm/kg). Isokinetic testing of concentric
knee extensor and flexor strength was also performed bilaterally via five repetitions at an
angular velocity of 60°/s and 180°/s through a full ROM and using gravity correction.10
Peak torque and angle-specific (30°) torque for both knee extension and flexion was
normalized to body mass and used for statistical analyses. (Figure 4)

Torque

Position

Time

Figure 4. Pilot data demonstrating torque and position data during isokinetic testing using
AcqKnowledge

3.2.2.2.

Central Activation

Central activation was simultaneously tested during isometric testing, and before
isokinetic testing, using the same positioning as preciously described. After cleaning the
skin with alcohol pads, two 7 x 13 cm self-adhesive electrodes (Dura-Stick II,
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Chattanooga Group, Hixson, TN, USA) were placed in a bipolar fashion using the VMO
configuration.101 The proximal electrode was positioned in line with the greater
trochanter and ASIS, and the distal electrode placed over the VMO, three centimeters
superior to patella with lateral border of electrode in line with midline of patella. A 10pulse train electrical pulse was delivered during MVICs (approximately two seconds after
beginning of MVIC) using a square wave stimulator (Grass Model S88, Grass
Technologies, West Warrick, RI, USA) and a stimulation isolation unit (Grass Model
SIU8T, Grass Technologies, West Warrick, RI, USA). A standard intensity of 150 volts
was utilized for all participants. During the sub-maximal trials, intensity of electrical
stimulation was superimposed at 25%, 50%, and 75% of 150 volts. Other stimulation
parameters included: 200 ms train of 10 stimuli, at 50 pps, with pulse duration of 0.6 ms,
and a 0.01 ms pulse delay. The stimulator and the dynamometer were interfaced with a
personal computer through a commercially available hardware system (Biopac MP150,
Biopac Systems Inc., Goleta, CA). Data was sampled at 2000 Hz and analyzed using
commercially available software (AcqKnowledge 4.4). Central activation was determined
with the burst superimposition technique (SIB) and calculated with the following
equation:
𝐶𝑒𝑛𝑡𝑟𝑎𝑙 𝐴𝑐𝑡𝑖𝑣𝑎𝑡𝑖𝑜𝑛 =

𝑀𝑉𝐼𝐶
𝑥 100%
𝑀𝑉𝐼𝐶 + 𝑆𝐼𝐵
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SIB

Torque

MVIC

Stimulation

Time

Figure 5. Pilot data demonstrating measurement of central activation deficit using
AcqKnowledge

Therefore, 100% represents complete central activation of the quadriceps muscles. Any
value less than 100% reflects the proportion of quadriceps motor neuron pool that is
activated voluntarily (i.e., there is an activation deficit). The SIB torque was measured
within Acqknowlege as the peak amplitude following delivery of the electrical
stimulation. The MVIC torque was measured over a 100ms epoch immediately before the
delivery of the electrical stimulation. The three central activation trials were averaged and
used for statistical analyses.

3.2.2.3.

Muscle Size Assessment

Three-dimensional MRI was used to quantify the maximal cross-sectional area
(CSA) of the knee extensor muscles bilaterally. To accomplish this assessment,
participants laid on a platform in the MRI machine while a series of images were taken
from each leg. The MRI scanning procedures took approximately 30 minutes, during
which participants were required to lie still. Participants were monitored during the entire
MRI scan. All imaging were performed in a 3.0 Tesla magnet (Siemens) using T1 axial,
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no fat saturation sequencing and a standard body coil. 3D data was acquired using a fast
gradient-echo sequence with repetition time=583 ms, echo time=10ms, flip angle=30°, an
encoding matrix of 384x384, field of view of 16-24cm and 3 mm slice thickness. Muscle
and non-muscle tissue were differentiated and CSA of the quadriceps was measured via a
publicly available software (Osirix®), as previously described.102 (Figure 6) Once the
slice with the maximum CSA was found, it was averaged with its two consecutive slices
and used in data analysis. These procedures were done for each of the quadriceps
muscles.

Figure 6. Pilot data demonstrating measurement of bilateral quadriceps cross-sectional
area (only vastus lateralis and rectus femoris measures above)

3.2.2.4.

Spatiotemporal Gait Analysis

Participants walked over a 14 ft. long portable walking system (GAITRite, CIR
Systems, Inc., Franklin, NJ, USA) for three trials at their self-selected walking speed and
three trials at their fastest comfortable speed. They were not permitted to use any
assistive devices during trials. Gait speed and spatiotemporal variables (step length,
cadence, time spent in single and double limb support) were collected and analyzed.

34
3.2.2.5.

Functional Hop Testing

Dynamic knee function was measured via single-leg hop tests (single and crossover hop tests). Hop tests were conducted on the uninvolved limb first, followed by the
involved limb. They have been determined to be a safe, reliable, and valid measure in
individuals with ACLR.68 For the crossover hop test, subject stood on one leg and hop
forward as far as possible three times while alternately crossing over a marked strip on
the floor. The single hop test was performed with subject standing on one leg behind a
marked starting line and performing one hop as far as possible. For the trial to be
considered successful, the subject must land on one limb in a controlled manner. Hop
testing was repeated if landing was not stable or if contralateral limb touched the ground.
The hop distance was measured to the nearest centimeter from the starting line to the
subject’s heel with a standard tape measure.
3.2.2.6.

Patient-Reported Outcomes

3.2.2.6.1.

Self-Reported Knee Function

Participants completed the International Knee Dysfunction Committee (IKDC)
questionnaire, which is readily available online at American Orthopedic Society for
Sports Medicine (AOSSM) website.103 The IKDC form is a reliable and valid tool for
measuring self-reported knee function.104 It contains 18 items to represent 3 domains:
symptoms, sports, and daily activities both presently and prior to knee injury. The total
score is calculated by totaling the individual items then converting the raw score to a
scale of 0-100, where 100 represents no limitation in knee functioning. The IKDC has
been shown to be responsive to change following surgical interventions, making it an
appropriate outcome measure to use following ACLR.105
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3.2.2.6.2.

Knee Injury and Osteoarthritis Outcome Score

The Knee Injury and Osteoarthritis Outcome Score (KOOS) is a reliable and valid
patient-centered measure. It is particularly responsive to surgery and rehabilitation.80
More specifically, it has been considered both reliable and valid measure in individuals
who have undergone ACLR.106 Readily available and free of charge, this questionnaire
can be completed without permission on the KOOS website. KOOS is designed to
measure patients’ perceptions of their knee injury over both short- and long-term followups. It contains 5 subscales with items rated on 5-point Likert scales: pain (9 items),
symptoms (7 items), activities of daily living (17 items), sport and recreation function (5
items), and knee-related quality of life (4 items). The KOOS questionnaire has a total
score ranging from 0-100 for each subscale, with zero representing extreme knee
problems and 100 representing no knee problems.

3.2.3. Statistical Plan for Part 1

Overview of Aim 1
Specific Aim 1: Determine the extent to which neuromuscular adaptations contribute to
functional recovery in individuals 6-24 months following ACLR.
Hypothesis 1: Reduced knee extensor strength, quadriceps CSA, and central
activation in the surgical limb will be related to reduced physical functioning
(compensatory patterns during walking and decreased hop testing scores).
Hypothesis 2: Reduced knee extensor strength, quadriceps CSA, and central
activation in the surgical limb will be related to reduced self-reported function.
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Statistical Approach for Aim 1
Demographic data (age, sex, height, mass, graft type, meniscal involvement, time
since injury, time since surgery) were recorded. To address the hypotheses, Spearman’s
Rho correlation analyses were performed to determine relationships between
neuromuscular measures (knee extensor strength, quadriceps CSA, central activation),
functional measures (gait speed, step lengths, and hop testing scores), and patientreported outcomes (KOOS and IKDC scores). The strength of correlations were
categorized as low (<0.25), fair (0.25-0.49), moderate to good (0.50-0.74), and good to
excellent (>0.75).107 The alpha level was set a priori at p ≤ 0.05 and used to describe
significant correlations.

Overview of Aim 2
Specific Aim 2: To determine differences in neuromuscular adaptations in individuals 624 months following ACLR using quadriceps tendon autografts versus patellar tendon
autografts.
Hypothesis 1: Individuals with quadriceps tendon autografts will have significantly
decreased knee extensor strength, quadriceps cross-sectional area, and central
activation between reconstructed and contralateral limbs.
Hypothesis 2: Individuals with quadriceps tendon autografts will exhibit decreased
interlimb deficits in knee extensor strength, quadriceps cross-sectional area, and
central activation, when compared to individuals with patellar tendon autografts.
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Hypothesis 3: The relationships between physical function and self-reported function
will be stronger in individuals with quadriceps tendon autografts versus patellar
tendon autografts.

Statistical Approach for Aim 2
Separate, Mann-Whitney U (Wilcoxon rank-sum) tests were performed at
baseline to determine differences between QT and BPTB groups on demographic
variables (e.g., age, mass, and time-since-surgery). Limb symmetry indexes were
expressed as a percentage of involved limb over uninvolved limb for measures of muscle
size, strength, and activation. To address our first hypothesis, Wilcoxon signed-rank tests
were run to determine interlimb differences in knee extensor strength, quadriceps crosssectional area, and central activation in participants with QT autografts. To address our
second hypothesis, Mann-Whitney U (Wilcoxon rank-sum) tests were run to compare
interlimb differences between QT and BPTB autograft groups. To address our third
hypothesis, Spearman’s Rho correlation analyses were performed to determine
relationships between physical function (hop scores) and self-reported patient outcomes
(IKDC scores) in both the QT and BPTB autograft groups. The strength of correlations
was categorized as low (<0.25), fair (0.25-0.49), moderate to good (0.50-0.74), and good
to excellent (>0.75).107 The alpha level was set a priori at p ≤ 0.05 and used to describe
significant correlations.
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Sample Size Estimation
One of the novel pieces of this dissertation was the evaluation of long-term
outcomes in the QT autograft group. More specifically, we primarily planned to describe
interlimb differences in quadriceps CSA post-ACLR with QT autografts. Since
quadriceps muscle size has not been previously described in this group, this study was
powered on interlimb differences in quadriceps CSA six months post-ACLR with BPTB
autografts, based on previous work by Thomas et al.11 With an alpha level of 0.05, we
would need 13 individuals to achieve 80% power. (G*Power 3.9.2.1) To maximize
attrition, we recruited a total of 15 individuals in the QT group. We additionally recruited
15 individuals with BPTB autograft ACLR for comparison, with the recognition that
would likely not be powered to detect differences between autograft groups. These
sample size numbers are comparable to other MRI studies post-ACLR.12,108

A recruitment goal of 30 subjects additionally allowed us to adequately address
Aim 1. Using correlation sample size calculations (G*Power 3.9.2.1), a sample size of 30
subjects allowed detection of Pearson bivariate correlations of 0.50 (moderate
correlation107) at 80% power and an alpha level of 0.05.
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3.3. Part 2 – Retrospective Analysis (Aim 3)

The second part of CHAPTER 3 describes the methods and statistical procedures used to
conduct the retrospective study of this dissertation. This portion addresses the following
aim:

Overview of Aim 3
Specific Aim 3: Evaluate the dimensionality and psychometric properties of the KOOSJR using item response theory in individuals following ACLR.
Hypothesis: The KOOS-JR will represent a unidimensional construct, however
significant ceiling effects will be present.

3.3.1. Participants
Individuals following ACLR who have completed the KOOS were included in
analyses. Data was collected from various research labs including MUSC, UNC, and
MSU. This portion of the dissertation underwent separate institutional review board
approval as “not human subjects” research, since it was a retrospective analysis of deidentified survey data.

3.3.2. The Knee Injury and Osteoarthritis Outcome Score (KOOS)
See “Patient-Reported Outcomes” section above for a description of the KOOS
questionnaire.
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KOOS-JR
The KOOS-JR includes seven items that were derived from the original KOOS
using Rasch methods. (Figure 7) It includes items about stiffness, pain, and activities of
daily living to represent what the authors call “knee health.”22 The instructions and
wording of items were retained from the original KOOS questionnaire, and like the
original, they also contain a five item Likert rating scheme (0-4, “none” to “extreme”).
KOOS-JR is scored by summing the raw scores (0-28) and converting to interval score 0100, where 0 represents “total knee disability” and 100 represents “perfect knee health.”
(https://www.hss.edu/files/KOOS-JR-2017.pdf) These interval scores were generated
using Rasch-based person scores from a validation cohort.

Figure 7. The KOOS-JR Knee Survey
3.3.3. Rasch Analysis
Rasch analyses was conducted to test the psychometric properties of the KOOSJR using Winsteps® Rasch Measurement, Version 4.0.1. Data was visually observed to
identify Guttman or other abnormal patterns. The item entry table (Table 14.1) was
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evaluated to learn if all response categories were represented by the data. The partial
credit Rasch model was used to account for the two conceptually different groups of
items (pain/stiffness & function). This was achieved through the function
ISGROUPS=1111122, which analyzed questions 1-5 separately from questions 6-7.

True measurement possesses certain attributes: adequate spread along the measure,
minimal ceiling and floor effects, and contribution to one construct.109

Item Fit
Item fit statistics was used to identify misfitting items. Criterion to determine item
fit was mean square standardized residuals <1.6 and standardized z-scores <2.0.110 For
item fit statistics, point measure correlations were also evaluated to investigate the extent
to which each item of the KOOS-JR relates to the other items. Lastly, visual observation
and presentation of items maps revealed spacing of items at both item level and rating
scale level.

Person Fit
Person fit statistics were used to identify misfitting persons. Criterion to
determine item fit was mean square standardized residuals <1.6 and standardized z-scores
<2.0.110 Point measure correlations were also evaluated. Ceiling effects were revealed if
subjects showed extreme scores (higher scores than what can be measured by the items).
An acceptable percentage of individuals in the ceiling without affecting results is 15%.
The summary statistics provided person reliability and separation. The “extreme and non-
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extreme” table was read to include subjects in the ceiling. Person reliability provided
information on the spread of abilities of the persons. Person separation was used to
classify people and was included in the following formula to determine strata:
𝑆𝑡𝑟𝑎𝑡𝑎 =

(4 𝑥 "𝑝𝑒𝑟𝑠𝑜𝑛 𝑠𝑒𝑝𝑎𝑟𝑎𝑡𝑖𝑜𝑛") + 1
3

Ideally, the instrument would divide persons into five strata consistent with the five levels
of the rating scale.

Contribution to One Construct: Unidimensionality
One of the primary assumptions of the Rasch model is unidimensionality. In other
words, all items and responses represent a single construct. One approach to evaluating
dimensionality is to assume that item and person fit represent unidimensionality,111
however, the following approaches were used to provide more confidence in results.
Thus, we conducted post-hoc testing using principal components analysis (PCA) of the
residuals to evaluate the data that did not conform to the Rasch model. In addition to our
previously stated item fit and person fit criteria, other criteria112,113 were analyzed in
output Table 23 to conduct the PCA:
–

Rasch dimension explained at least ~40-50% of the raw variance

–

First contrast in residuals explained < ~ 4%, which is the amount to be
expected by chance

–

Eigenvalue of first residual contrast was ≤ 2.0

–

Item loadings on first residual contrast were < |0.38|

Should not all of the above criteria be met, more advanced techniques112 would be
undertaken to test the impact of multidimensionality on distortion of person measures.
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Arrindell and van der Ende114 suggests a sample size of at least 100 persons in order to
conduct a PCA of items. Data we gathered from colleagues at UNC and MSU, in addition
to the KOOS data that was collected from this dissertation, totaled 166 persons.

3.3.4. Pilot Analyses
Pilot analyses on the KOOS-JR were conducted using Ministep (Winstep®)
Version 3.92.1 Rasch Measurement software. These data represent 39 individuals 1-2
years post-ACLR who were part of a larger study at the University of North Carolina,
Chapel Hill.
Upon looking at item entry (Table 14.1 from Ministep), only seven response
categories were reported, which was contrary to the expectation of 10 categories. Only
the lower half of the scale, the “easier” half, is being used in both the first set and second
set of items. This substantiates the notion that the data are skewed toward the sample
having very little problems with their knee, which is known to not be true following
ACLR.
Upon evaluating infit and outfit statistics, all items fit the model. Table 1 below
shows these statistics. All items demonstrate infit and outfit mean square <1.6 and
standard z-score <2.0. Point measure correlations are within normal ranges, not too low
and not negative.
Table 1. Infit and outfit statistics for the seven items of the KOOS-JR
-----------------------------------------------------------------------------------------------------|ENTRY
TOTAL TOTAL
MODEL|
INFIT | OUTFIT |PTMEASUR-AL|EXACT MATCH|
|
|NUMBER SCORE COUNT MEASURE S.E. |MNSQ ZSTD|MNSQ ZSTD|CORR. EXP.| OBS% EXP%| ITEM
G
|
|------------------------------------+---------+---------+----------+----------+-----------------|

44
|
1
19
39
-.71
.30|1.23
.9|1.23
.9| .41
.60| 46.7 56.6| STIFFNESS
1
|
|
2
14
39
-.22
.33|1.08
.4|1.04
.2| .50
.55| 50.0 64.0| TWIST/PIVOT
1
|
|
3
11
39
.14
.36| .79
-.7| .73
-.7| .63
.51| 83.3 68.9| STRAIGHTEN
1
|
|
4
14
39
-.22
.33|1.40
1.4|1.24
.8| .39
.55| 53.3 64.0| UP/DOWN STAIRS 1
|
|
5
7
39
.75
.43|1.16
.5| .60
-.9| .56
.43| 83.3 79.8| STANDING
1
|
|
6
8
39
-.18
.41| .78
-.6| .60 -1.0| .59
.45| 76.7 76.4| RISE FM SIT
2
|
|
7
5
39
.44
.50| .76
-.5| .66
-.5| .47
.38| 86.7 85.2| BEND TO FLOOR 2
|
|------------------------------------+---------+---------+----------+----------+-----------------|
| MEAN
11.1
39.0
.00
.38|1.03
.2| .87
-.2|
| 68.6 70.7|
|
| P.SD
4.5
.0
.45
.07| .24
.7| .27
.8|
| 16.4
9.4|
|
------------------------------------------------------------------------------------------------------

Analysis of location of items on the item map (Figure 8) reveals that the
individuals in this pilot sample are performing significantly well on the KOOS-JR.
Additionally, nine individuals (23%) are in the ceiling, meaning they achieved a
maximum score. Both the item map and summary statistics reveal that the sample is 2.48
logits lower than the anchor of the items.

Figure 8. Item Map of the KOOS-JR

Based on the results of this pilot analysis, the participants are functioning higher
than the items are able to measure. Clinically, this is significant since ACL surgery aims
to restore knee function and these individuals are not reporting problems. On the
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contrary, we should really reconsider the value of administering the KOOS-JR in this
population. These analyses, in addition to investigation into dimensionality and person
fit, were conducted on a larger sample as part of this dissertation.
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CHAPTER 4

Muscle Size, Strength, and Activation and their Relationships to Physical
Functioning Following ACL Reconstruction

INTRODUCTION
Anterior cruciate ligament (ACL) sprains are one of the most debilitating knee
joint injuries. ACL injuries occur in nearly 300,000 Americans per year and have an
economic impact that exceeds $2 billion in U.S. healthcare dollars.11 ACL reconstruction
(ACLR) is a surgical procedure performed to stabilize the injured joint and facilitate
functional recovery. Unfortunately, functional recovery is not always achieved, and 2545% of individuals fail to return to pre-injury activity levels.3,5 These individuals face
undesirable neuromusculoskeletal sequela that likely result from peripheral and central
(mal)adaptations (i.e., muscle weakness, atrophy, and activation deficits) that contribute
to increased risk for re-injury,12,32 development of early-onset osteoarthritis,26,35 and
decreased quality of life.6 Given that the most often-stated goal for ACLR patients is to
return to pre-injury activity levels, efforts to elucidate these underlying mechanisms must
be undertaken.
Long-term strength deficits of the extensor musculature surrounding the
reconstructed knee (e.g. quadriceps femoris muscle group) are consistently observed even
years after surgery.23,36 This strength loss can be largely attributed to an inability to
voluntarily activate the quadriceps muscle group—known as voluntary activation
deficit—which compromises strength and effectively limits the dose of rehabilitation that
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can be achieved. Additionally, magnetic resonance imaging (MRI) studies show that the
muscles surrounding the reconstructed knee experience significant atrophy following
ACLR.15,20,34,40 Together, the reductions in muscle size and voluntary activation account
for ~60% of variance in quadriceps strength six months following ACLR.40 However, to
date, little is known regarding if, and to what extent, these mechanisms may contribute to
functional recovery, such as proper walking mechanics that limit risk of developing longterm consequences.
The purpose of this study is to describe the relationships of neuromuscular
outcomes (quadriceps strength, size, and activation) with measures of functional
performance (hop test, gait symmetry, and patient-reported function) in individuals
following ACL reconstruction. We hypothesized that reduced knee extensor strength,
quadriceps cross-sectional area, and central activation in the surgical limb would be
related to reduced physical functioning and self-reported function.

METHODS
Study Design
This was a retrospective cohort study in which individuals six months to two
years post-ACLR underwent assessments of strength, functional testing and MR imaging
of the lower extremity. This study was approved by the institutional review board at the
Medical University of South Carolina.
Participants
Individuals (male and female) who had undergone primary (ACLR) were
included based on the following inclusion/exclusion criteria: Inclusion criteria: (1) 14-55
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years, (2) history of unilateral, isolated ACLR (with or without meniscus involvement)
within the past six months to two years, (3) reconstructive procedure using autografts
harvested from either the patellar or quadriceps tendon, (4) ACLR performed by one of
the orthopedic surgeons of the MUSC Sports Medicine Division, and (5) provision of
informed consent from subject (or subject’s legal guardian if subject is <18 years of age).
Exclusion criteria: (1) history of lower extremity injury, other than ACLR, within the past
six months, (2) previous orthopedic surgeries or ligamentous knee or injury to either the
uninvolved limb or other joints in the involved limb within the past six months, (3)
inability to walk without assistance from orthotic, knee brace, or another person, (4) selfreported knee arthritis that would limit range of motion at the knee joint, (5) any
contraindications to magnetic resonance imaging, such as metal implants, pacemakers,
claustrophobia, etc., and (6) pregnancy.
Neuromuscular Outcome Measures
Strength
Isometric and isokinetic strength of the knee extensors of both limbs was
measured on an isokinetic dynamometer (Biodex Medical Systems, Inc., Shirley, NY).
Prior to testing, each participant underwent a period of familiarization and warm-up
consisting of sub-maximal knee extension contractions at 25%, 50%, and 75% of their
perceived maximal effort. Following familiarization, three maximal contractions were
performed with participants positioned in the dynamometer with hips flexed to 85° and
knees flexed to 90°.26 The axis of the dynamometer was aligned with the knee joint axis
of rotation with lever arm secured to leg being tested proximal to lateral malleolus.
Stabilization in the dynamometer was maintained with straps at the chest, hips, and knee.
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Participants were asked to develop torque as hard and fast as possible to produce a
maximal contraction, separated by 60 seconds rest. During isometric testing, maximum
voluntary isometric contraction (MVIC) was defined as the highest isometric torque
achieved during a 100ms epoch. MVIC was normalized to body mass (Nm/kg). Isokinetic
testing of concentric knee extensor and flexor strength was also performed bilaterally via
five repetitions at angular velocities of 60°/s and 180°/s through a full ROM and using
gravity correction.36 Peak torque was normalized to body mass.
Central Activation
Central activation was simultaneously tested during isometric testing. After
cleaning the skin with alcohol pads, two 7 x 13 cm self-adhesive electrodes (Dura-Stick
II, Chattanooga Group, Hixson, TN, USA) were placed in a bipolar fashion using the
VMO configuration.27 A 10-pulse train electrical pulse was delivered during MVICs
(approximately two seconds after beginning of MVIC) using a square wave stimulator
(Grass Model S88, Grass Technologies, West Warrick, RI, USA) and a stimulation
isolation unit (Grass Model SIU8T, Grass Technologies, West Warrick, RI, USA). A
standard intensity of 150 volts was utilized for all participants. During the sub-maximal
isometric trials, intensity of electrical stimulation was superimposed at 25%, 50%, and
75% of 150 volts. Other stimulation parameters included: 200 ms train of 10 stimuli, at
50 pps, with pulse duration of 0.6 ms, and a 0.01 ms pulse delay. The stimulator and the
dynamometer were interfaced with a personal computer through a commercially available
hardware system (Biopac MP150, Biopac Systems Inc., Goleta, CA). Data were sampled
at 2000 Hz and analyzed using commercially available software (AcqKnowledge 4.4).
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Central activation is determined with the burst superimposition technique (SIB) and
calculated with the following equation:
𝐶𝑒𝑛𝑡𝑟𝑎𝑙 𝐴𝑐𝑡𝑖𝑣𝑎𝑡𝑖𝑜𝑛 =

𝑀𝑉𝐼𝐶
𝑥 100%
𝑀𝑉𝐼𝐶 + 𝑆𝐼𝐵

Cross-Sectional Area
Three-dimensional MR Imaging was conducted to quantify the maximal crosssectional area (CSA) of each of the knee extensor muscles bilaterally. All imaging was
performed using a 3.0 Tesla magnet (Siemens Prisma) with T1 axial, no fat saturation
sequencing, and a standard body coil. 3D data were acquired using a fast gradient-echo
sequence with repetition time=583 ms, echo time=10ms, flip angle=30°, an encoding
matrix of 384x384, field of view of 16-24cm and 3 mm slice thickness. Muscle and nonmuscle tissue was differentiated, and CSA of each of the quadriceps was measured on all
consecutive slices via publicly available software (Osirix®), as previously described.37
Once the slice with the maximum CSA was found, it was averaged with its two
consecutive slices and used in data analysis. These procedures were done for each of the
quadriceps muscles.
Functional Outcome Measures
Spatiotemporal Gait Analysis
Participants walked over a 14 ft. long portable walking system (GAITRite, CIR
Systems, Inc., Franklin, NJ, USA) for three trials at their self-selected walking speed.
They were not permitted to use any assistive devices during trials. Step length symmetry
was calculated by dividing the involved limb step length by that of the uninvolved limb.
Hop Testing
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Dynamic knee function was measured via single-leg hop tests (single and crossover hop tests). Hop tests were conducted on the non-surgical limb first, followed by the
surgical limb. These tests have been determined to be a safe, reliable, and valid measures
in individuals following ACLR.29 The single hop test was performed with participant
standing on one leg behind a marked starting line and performing one hop as far as
possible. For the crossover hop test, participant stood on one leg and hopped forward as
far as possible three times while alternately crossing over a marked strip on the floor. For
a trial to be considered successful, the participant must land on the tested limb in a
controlled manner. The test was repeated if landing was not stable or if the contralateral
limb touched the ground. The hop distance was measured to the nearest centimeter from
the starting line to the participant’s heel with a standard tape measure. Three successful
trials were averaged and used in analyses.
Patient-Reported Function
Participants completed the patient-reported portion of the International Knee
Documentation Committee (IKDC) questionnaire, which is readily available online at
American Orthopedic Society for Sports Medicine (AOSSM) website.13 The IKDC form
is a reliable and valid tool for measuring self-reported knee function.10 It contains 18
items to represent 3 domains: symptoms, sports, and daily activities. The total score is
calculated by totaling the individual items then converting the raw score to a scale of 0100, where 100 represents no limitation in knee functioning.
Additionally, participants completed the Knee Injury and Osteoarthritis Outcome
Score (KOOS) questionnaire. The KOOS is a reliable and valid patient-centered measure
in individuals following ACLR.30,31 Each subscale of the KOOS has a total score ranging
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from 0-100 for each subscale, with zero representing extreme knee problems and 100
representing no knee problems. Only the Sport and Recreation subscale of the KOOS was
used for correlation analyses in this study, as it is the most applicable KOOS subscale in
determining function in this sample.
Statistical Analyses
Nonparametric statistical tests were used for all analyses. Wilcoxon signed-rank
tests were run to determine interlimb differences in all outcome measures. Spearman’s
Rho correlation analyses were performed to determine relationships between
neuromuscular measures (knee extensor strength, quadriceps CSA, central activation),
functional measures (hop testing scores, gait speed, and step length symmetry), and
patient-reported outcomes (IKDC and KOOS-Sport/Rec scores). The strengths of
correlations were categorized as low (<0.25), fair (0.25-0.49), moderate to good (0.500.74), and good to excellent (>0.75).28 The alpha level was set a priori at 0.05 and used
to describe significant correlations. All analyses were performed using IBM SPSS
Statistics 2.4.

RESULTS
A total of 30 individuals following ACLR participated in this study. All
demographic and patient-reported outcome data is presented in Table 1.
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Table 1. Participant Characteristics
Mean ± SD or n (%)
Demographic Variables
Sex (M/F)
Age (years)
Height (cm)
Mass (kg)
BMI (kg/m2)
Gait Speed (m/s)
Time since surgery (mos)
Contact Mechanism
Meniscectomy
Meniscal Repair

19M (63%) /11F (37%)
23.4 ± 8.0
174.1 ± 10.9
77.0 ± 17.8
25.2 ± 5.3
1.22 ± 0.18
9.8 ± 5.0
12 (40%)
13 (43%)
4 (13%)
Mean ± SD

Patient-Reported Outcomes
Tegner pre-injury
Tegner post-surgery
Lysholm Score
IKDC Score
KOOS Pain
KOOS Symptoms
KOOS ADL
KOOS Sport/Rec
KOOS QOL

8.5 ± 1.6
6.9 ± 1.9
85.5 ± 7.5
80.5 ± 10.8
87.8 ± 8.5
77.3 ± 14.9
95.3 ± 5.1
73.5 ± 14.3
65.0 ± 16.7

The surgical limb was significantly weaker, smaller, and less activated than the nonsurgical limb. Additionally, both the single-leg and crossover hop test distances were
significantly shorter in the surgical limb. Step length was also significantly different
between limbs, with shorter step length occurring on surgical limb. (Table 2)

63
Table 2. Neuromuscular and Functional Outcome Variables
Surgical Limb Non-Surgical Limb p-value
Mean ± SD
Mean ± SD
Strength & Activation
Knee extensor MVIC (Nm/kg)
1.32 ± 0.5
2.19 ± 0.7
<0.001
Knee extensor torque 60°/s (Nm/kg)
1.41 ± 0.5
2.09 ± 0.7
<0.001
Knee extensor torque 180°/s (Nm/kg)
1.41 ± 0.5
1.95 ± 0.5
<0.001
Activation (%)
86.7 ± 7.5
93.1 ± 6.1
<0.001
Cross-Sectional Area (CSA)
VMO CSA (cm2)
20.6 ± 6.1
25.6 ± 6.0
<0.001
2
VL CSA (cm )
26.8 ± 6.7
32.8 ± 7.1
<0.001
VI CSA (cm2)
21.9 ± 5.5
26.6 ± 6.3
<0.001
2
RF CSA (cm )
12.6 ± 3.0
13.8 ± 3.2
0.001
Functional Tests
Single-leg hop test (cm)
101.9 ± 44.1
123.2 ± 41.3
<0.001
Crossover hop test (cm)
297.7 ± 116.8
347.3 ± 121.5
<0.001
SS step length (cm)
69.9 ± 8.1
70.9 ± 8.5
0.047
MVIC=maximum voluntary isometric contraction; VMO=vastus medialis oblique;
VL=vastus lateralis; VI=vastus intermedius; RF=rectus femoris; SS=self-selected

Measures of knee extensor strength and CSA of all quadriceps were significantly
correlated with hop test scores. (Table 3 & 5) Central activation did not correlate with
any functional outcomes. (Table 4) A greater CSA of the vastus medialis correlated with
less asymmetry during walking, and a greater rectus femoris CSA correlated with faster
gait speed. (Table 5)
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Table 3. Correlations between Strength and Function
Hop
Gait
Step
Test
Speed
Length
Asymmetry
MVIC (Nm/kg)
0.800*
0.162
-0.205
ISOK at 60°/s (Nm/kg)
0.758*
0.091
-0.127
*=statistically significant correlation.

Table 4. Correlations between Activation and Function
Hop
Gait
Step
Test
Speed
Length
Asymmetry
Central Activation (%)
0.206
0.220
0.204
No significant correlations.

Table 5. Correlations between Muscle Size and Function
Hop Test
Gait
Step
Speed
Length
Asymmetry
2
VMO (cm )
0.562*
0.132
-0.373*
VL (cm2)
0.456*
0.141
-0.331
2
VI (cm )
0.417*
0.311
-0.343
RF (cm2)
0.554*
0.391*
-0.175
*=statistically significant correlation.

IKDC
Score

KOOS
Sport/Rec

-0.025
0.256

0.019
0.214

IKDC
Score

KOOS
Sport/Rec

-0.204

-0.052

IKDC
Score

KOOS
Sport/Rec

0.171
0.175
-0.013
0.012

0.161
0.231
-0.023
0.049

DISCUSSION
The purpose of this analysis was to describe interlimb differences and
relationships between neuromuscular outcomes, physical function, and patient-reported
function in individuals following ACLR. There were significant differences between
limbs for all measures of neuromuscular and physical functioning. The hop test was the
only variable that significantly related to multiple measures of neuromuscular function
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(muscle size and strength). IKDC and KOOS-Sport/Rec scores did not correlate with any
of the neuromuscular measures.
Neuromuscular Deficits
Neuromuscular dysfunction following ACLR is quite prevalent, particularly
deficits in knee extensor strength, quadriceps muscle size, and quadriceps central
activation. In the present study, all of these variables were significantly less in the
surgical limb compared to the non-surgical limb. We did not compare the non-surgical
limb to a healthy control group to confirm bilateral deficits, because it has been well
established that both limbs are affected by ACLR.38 Therefore, limb symmetry indices
should be interpreted with caution.7,38 Similar to other reports,19 our results reveal that
surgical limb strength (isometric and isokinetic torque) more strongly correlated with
functional outcomes (r = 0.700 and 0.711) than limb symmetry indices (r = 0.455 and
0.195). Thus, only values of the surgical limb were used in correlation analyses of this
study.
Activation is also affected bilaterally following ACLR. The results of this study
reveal that activation in the surgical limb (86.7%) is similar to what has been reported in
the literature (89.2%).8 Additionally, our study showed a deficit in the non-surgical limb
(93.1%), which is not quite as low as previously reported (84.0%). Given that a 5%
interlimb deficit is considered a normal range in uninjured individuals,33 results show that
central drive to the quadriceps is altered in both limbs. It is vital that activation deficits be
addressed in both limbs, given the high-risk of injury to the ACL of the uninvolved limb.
Activation deficits can be addressed through strength training. Following eccentric
training, improvements in quadriceps activation significantly related to improvements in

66
strength, indicating that greater activation allows for greater potential for strength gains.16
However, these relations were weak, implicating that other factors are involved. When
incorporating central activation deficits into the model together with atrophy, 60% of the
variance in quadriceps strength is explained.40 Both activation and atrophy should be
addressed to combat muscle weakness (even though they are often not) throughout
rehabilitation. At the time point evaluated in this study (10 months post-ACLR),
activation was not a good indicator of physical functioning. Activation deficits may be
more strongly related to strength in the earlier stages, and not as strongly in the later
stages following ACLR.14 Following total knee replacements, activation deficits have
been found to recover over time, while atrophy remains an issue in the longer term.18
Following ACLR, muscle size may be a more appropriate target in rehabilitation in the
later stages of recovery.
Hop Testing
Clinically feasible and relatively easy to conduct, hop tests are the most common
tests of functional stability following ACL injury and reconstruction.1 They are safe,
reliable, and valid measures of knee stability and neuromuscular control with improved
performance believed to reduce re-injury risk.29 Like muscle strength, they are often used
in the determination of readiness to return to activity. Ideally, hop tests should be
conducted on both limbs in order to calculate symmetry, with readiness to return to
activity determined as limb symmetry indexes ≥90%. However, as stated above, the
contralateral limb is also significantly affected by ACLR.7 Hop test scores in our sample
are below normative values established in the work by Gokeler et al. for both males and
females.7 For these reasons, we used the hop test score in only surgical limb for
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correlation analyses. Because hop testing was significantly related to greater knee
extensor strength in this study and predictive of quadriceps strength in other studies,21 we
feel confident that it effectively measures knee function and is especially helpful in the
longer-term following surgery. Because it was so strongly correlated, hop testing may
serve as an effective surrogate for measuring knee strength when clinicians don’t have
access to expensive isokinetic dynamometers.
Gait Analysis
Gait was specifically evaluated in this study because of the emerging evidence
that speed and walking mechanics are contributing factors to development of posttraumatic osteoarthritis. Neuromuscular consequences following ACLR alter gait, which
can further lead to joint disability. For example, reduced quadriceps strength is predictive
of altered gait patterns.17 More specifically, less rate of torque development was related
to reduced peak vertical ground reaction forces, a factor that is known to breakdown
cartilage over time leading to osteoarthritis.4 Unloading of the involved limb is not ideal
for long-term cartilage health.24,39 Studies have shown that unloading of the ACL knee
(decreased peak vertical ground reaction forces) contributes to arthritic changes.4,39
Unfortunately these small, but significant, degrees of weight shifting during gait are not
always clinically observable. In the present study, step length asymmetry was small, but
present, as indicated by the statistically significant difference between limbs. The
GAITRite portable walking system was able to pick up that minimal, but significant
difference. The GAITRite is a cheaper and much more efficient tool than complex motion
capture systems, and may therefore, be a more useful indicator of gait dysfunction
following ACLR.

68
Gait speed is another important (and clinically feasible) variable to consider
following ACLR. Self-selected gait speed significantly predicts risk of developing OA9
and correlates with cartilage changes (early-OA) in both short and long-term follow-up.25
In the present study, gait speed only significantly correlated with vastus lateralis muscle
size, with this correlation being weak. However, in the earlier stages following surgery,
reduced muscle size and strength would likely be more strongly related to walking speed.
Although longitudinally evaluating changes in gait speed may not be a highly sensitive
variable in ACLR populations,22 encouraging patients to walk faster may combat
neuromuscular and osteoarthritic consequences. In this sample, individuals were able to
increase speed by an average of 0.7 m/s when asked to walk at their fastest comfortable
walking speed. When individuals completed this task, their step length asymmetries did
not get worse. Increasing gait speed is a reasonable request in rehabilitation following
ACLR. Future work should focus on evaluating this as an intervention.
Patient-Reported Outcomes
A recent surge in PRO research has revealed the strong influence of patient selfefficacy involved in ACL recovery. In many cases, knee function has been restored to
normal or near normal, and yet, the individual is still not comfortable with returning to
activity.2 PROs can assist clinicians in identifying other factors at play. In the present
study, we did not find PRO measures to be related to measures of quadriceps size,
strength, or activation. This is likely due to the time since surgery, however, it is obvious
that these individuals are still experiencing troubles with their knee function, as
evidenced by bilateral deficits in neuromuscular measures. It is concerning that these
PROs are not capturing these deficits. Further work is needed to develop and utilize
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PROs equipped to capture neuromuscular dysfunction in the longer-term following
surgery.
Limitations
There are a few limitations worthy of mentioning in this study: 1) Based on the
cross-sectional study design, we are only able to make conclusions based on this one time
point following surgery. It is likely that the strength of relationships between
neuromuscular and physical function changes along the time continuum following
ACLR. Therefore, longitudinal investigations would provide more solid conclusions
regarding relationships of neuromuscular and physical functioning. 2) The CSA of rectus
femoris may be underestimated in this study, as the maximum CSA for the rectus femoris
was often found on the most superior slice in the series of images. MRI protocols will be
edited to capture the full length of the thigh musculature in future study. 3) There are
limitations of the superimposed burst technique as a proxy for measurement of central
activation, because we do not fully understand the mechanisms underlying this measure.
Emerging evidence evaluating central drive to the quadriceps through other mechanisms
(brain stimulation, spinal reflexes, etc.) offers promising evaluation techniques to further
understand the physiology of quadriceps inhibition.
Conclusion
In conclusion, this sample of individuals 10 months following ACLR showed
deficits in all measures of neuromuscular and physical functioning. The hop test was
significantly correlated to measures of knee extensor strength and muscle size of all the
quadriceps, while other measures of physical and patient-reported function were not
significantly related to muscle size, strength, or activation. The hop test continues to be a
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solid tool for measuring knee dysfunction, especially in the longer-term following ACLR.
Further work is needed to understand gait and patient-reported outcomes and their
relationships to knee dysfunction in the long-term following surgery.
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CHAPTER 5

The Quadriceps Tendon Autograft in ACL Reconstruction: An Interlimb
Evaluation and Comparison to the Patellar Tendon Autograft

INTRODUCTION
Anterior cruciate ligament reconstruction (ACLR) is often the treatment of choice
for physically active individuals who rupture their ACL. The surgery aims to ultimately
return the individual to physical activity by restoring knee joint stability that otherwise
would not recover on its own. Approximately 75% of individuals with ACL injuries
undergo reconstruction.24 The concept of individualized ACLR is used by many
orthopedic surgeons to choose specific reconstructive procedures, such as graft type.12 A
number of different graft options exist to include use of patient’s own tissue, cadaver
tissues, or synthetic tissue. Graft choice is made based on a number of patient
characteristics and goals. Ultimately, the goal of grafting procedures in ACLR is to
restore the ACL to the closest native anatomy as possible while minimizing donor site
morbidity. Naturally, autografts are most often used. Autografts involve harvesting of the
patient’s own tissue to be used as the new ACL.
Bone-patellar tendon-bone (BPTB) autografts have been extensively studied and
are the standard graft of choice.27 However, they do come with complications, such as
donor site morbidity, patellofemoral pain, and quadriceps weakness following surgery.13
Additionally, the BPTB autograft predisposes patients to risk of knee osteoarthritis at a
greater rate than other autograft types.2,23,32 Thus, these concerns provide reason to
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continue the search for a more optimal autograft. The quadriceps tendon (QT) has been
increasingly utilized as an alternative, and perhaps superior, option.29 It offers a unique
soft tissue option, with a larger and stronger anatomical area from which to harvest the
graft.28 Anatomical studies have revealed that the QT is thicker, longer, and wider 6,35
with greater collagen levels contributing to greater strength of the QT compared to the
patella tendon.10 Evaluation of the extensor mechanism in cadaveric samples found that
the QT harvest site could withstand greater tensile loads than the patellar tendon graft
site.1 Additionally, initial studies utilizing a QT autograft have revealed decreased donorsite morbidity9,14,17 when compared to the BPTB autograft. This evidence provides reason
to believe that the QT autograft could result in enhanced early and long-term clinical and
functional outcomes due to less stresses on the graft and donor sites.
Although interest in its use has been on the rise, the QT autograft is the least used
autograft type,33 perhaps because there are few comparative studies on clinical and
functional outcomes. A recent systematic review by Slone at al.29 revealed the lack of
studies on ACLR clinical outcomes with QT autografts. Only four studies evaluated longterm knee extensor strength following this procedure. Additionally, no study to date has
quantified the effects of the QT autograft on quadriceps muscle size measured using
MRI, despite the strong prediction of muscle size to strength following ACLR with other
autografts.15,30 Further, little research exists comparing QT autografts to other autografts.
In the systematic review, Slone et al.29 identified only six studies that compared QT to
BPTB autografts. Due to this lack of evidence, many orthopedic surgeons are skeptical of
using the QT and few rehabilitation clinicians have treated patients with QT autografts.
Recommendations have been made to base rehabilitation on surgeon’s graft choice,12 yet
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even the clinical practice guidelines from the American Academy of Orthopedic
Surgeons excluded all studies that involved QT autografts.26 The reality is that clinicians
will work with patients with the QT autograft, but minimal high-quality sources are
available to guide rehabilitation strategies. Thus, the purpose of this study was two-fold:
1) to describe interlimb differences in neuromuscular and functional outcomes in
individuals with ACLR using QT autografts, and 2) to compare those findings to the
interlimb differences in individuals with BPTB autografts.

METHODS
Study Design
This was a retrospective cohort study in which individuals six months to two
years post-ACLR underwent assessments of strength, functional testing and MR imaging
of lower extremity muscle. This study was approved by the institutional review board at
The Medical University of South Carolina.
Participants
Thirty individuals (male and female) who had undergone primary ACLR were
included based on the following inclusion/exclusion criteria: Inclusion criteria: (1) 14-55
years, (2) history of unilateral, isolated ACLR (with or without meniscus involvement)
within the past six months to two years, (3) reconstructive procedure using autografts
harvested from either the patellar or quadriceps tendon, (4) ACLR performed by one of
the orthopedic surgeons of the MUSC Sports Medicine Division, and (5) provision of
informed consent from subject (or subject’s legal guardian if subject is <18 years of age).
Exclusion criteria: (1) history of lower extremity injury, other than ACLR, within the past
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six months, (2) previous orthopedic surgeries or ligamentous knee or injury to either the
uninvolved limb or other joints in the involved limb within the past six months, (3)
inability to walk without assistance from orthotic, knee brace, or another person, (4) selfreported knee arthritis that would limit range of motion at the knee joint, (5) any
contraindications to magnetic resonance imaging, such as metal implants, pacemakers,
claustrophobia, etc., and (6) pregnancy.
Neuromuscular Outcome Measures
Strength
Isometric and isokinetic strength of the knee extensors of both limbs was
measured on an isokinetic dynamometer (Biodex Medical Systems, Inc., Shirley, NY).
Prior to testing, each participant underwent a period of familiarization and warm-up
consisting of sub-maximal knee extension contractions at 25%, 50%, and 75% of their
perceived maximal effort. Following familiarization, three maximal contractions were
performed with participants positioned in the dynamometer with hips flexed to 85° and
knees flexed to 90°.18 The axis of the dynamometer was aligned with the knee joint axis
of rotation with lever arm secured to leg being tested proximal to lateral malleolus.
Stabilization in the dynamometer was maintained with straps at the chest, hips, and knee.
Participants were asked to develop torque as hard and fast as possible to produce a
maximal contraction, separated by 60 seconds rest. During isometric testing, maximum
voluntary isometric contraction (MVIC) was defined as the highest isometric torque
achieved during a 100ms epoch and normalized to body mass (Nm/kg). Isokinetic testing
of concentric knee extensor and flexor strength was also performed bilaterally via five
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repetitions at angular velocities of 60°/s and 180°/s through a full ROM and using gravity
correction.31 Peak torque was normalized to body mass.
Central Activation
Central activation was simultaneously tested during isometric testing. After
cleaning the skin with alcohol pads, two 7 x 13 cm self-adhesive electrodes (Dura-Stick
II, Chattanooga Group, Hixson, TN, USA) were placed in a bipolar fashion using the
VMO configuration.19 A 10-pulse train electrical pulse was delivered during MVICs
(approximately two seconds after beginning of MVIC) using a square wave stimulator
(Grass Model S88, Grass Technologies, West Warrick, RI, USA) and a stimulation
isolation unit (Grass Model SIU8T, Grass Technologies, West Warrick, RI, USA). A
standard intensity of 150 volts was utilized for all participants. During the sub-maximal
isometric trials, intensity of electrical stimulation was superimposed at 25%, 50%, and
75% of 150 volts. Other stimulation parameters included: 200 ms train of 10 stimuli, at
50 pps, with pulse duration of 0.6 ms, and a 0.01 ms pulse delay. The stimulator and the
dynamometer were interfaced with a personal computer through a commercially available
hardware system (Biopac MP150, Biopac Systems Inc., Goleta, CA). Data were sampled
at 2000 Hz and analyzed using commercially available software (AcqKnowledge 4.4).
Central activation is determined with the burst superimposition technique (SIB) and
calculated with the following equation:
𝐶𝑒𝑛𝑡𝑟𝑎𝑙 𝐴𝑐𝑡𝑖𝑣𝑎𝑡𝑖𝑜𝑛 =

𝑀𝑉𝐼𝐶
𝑥 100%
𝑀𝑉𝐼𝐶 + 𝑆𝐼𝐵

Cross-Sectional Area
Three-dimensional MR Imaging was conducted to quantify the maximal crosssectional area (CSA) of each of the knee extensor muscles bilaterally. All imaging was
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performed using a 3.0 Tesla magnet (Siemens Prisma) with T1 axial, no fat saturation
sequencing, and a standard body coil. 3D data were acquired using a fast gradient-echo
sequence with repetition time=583 ms, echo time=10ms, flip angle=30°, an encoding
matrix of 384x384, field of view of 16-24cm and 3 mm slice thickness. Muscle and nonmuscle tissue was differentiated, and CSA of each of the quadriceps was measured on all
consecutive slices via publicly available software (Osirix®), as previously described.34
Once the slice with the maximum CSA was found, it was averaged with its two
consecutive slices and used in data analysis. These procedures were done for each of the
quadriceps muscles.
Functional Outcome Measures
Spatiotemporal Gait Analysis
Participants walked over a 14 ft. long portable walking system (GAITRite, CIR
Systems, Inc., Franklin, NJ, USA) for three trials at their self-selected walking speed.
They were not permitted to use any assistive devices during trials. Step length symmetry
was calculated by dividing the surgical limb step length by that of the non-surgical limb.
Hop Testing
Dynamic knee function was measured via single-leg hop tests (single and crossover hop tests). Hop tests were conducted on the uninvolved limb first, followed by the
involved limb. These tests have been determined to be a safe, reliable, and valid measures
in individuals following ACLR.21 The single hop test was performed with participant
standing on one leg behind a marked starting line and performing one hop as far as
possible. For the crossover hop test, participant stood on one leg and hopped forward as
far as possible three times while alternately crossing over a marked strip on the floor. For
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a trial to be considered successful, the participant must land on the tested limb in a
controlled manner. The test was repeated if landing was not stable or if the contralateral
limb touched the ground. The hop distance was measured to the nearest centimeter from
the starting line to the participant’s heel with a standard tape measure. Three successful
trials were averaged and used in analyses.
Patient-Reported Outcome Measure
International Knee Dysfunction Committee (IKDC)
Participants completed the IKDC questionnaire, which is readily available online
at American Orthopedic Society for Sports Medicine (AOSSM) website.13 The IKDC
form is a reliable and valid tool for measuring self-reported knee function.11 It contains
18 items to represent 3 domains: symptoms, sports, and daily activities. The total score is
calculated by totaling the individual items then converting the raw score to a scale of 0100, where 100 represents no limitation in knee functioning.
Statistical Analyses
Limb symmetry indices were expressed as a percentage of surgical limb over nonsurgical limb for measures of muscle size, strength, activation, and hop scores.
Nonparametric tests were used for all comparisons. Specifically, Wilcoxon signed-rank
tests were used to determine interlimb differences in knee extensor strength, quadriceps
cross-sectional area, central activation, and hop test scores in participants with QT
autografts. Mann-Whitney U (Wilcoxon rank-sum) test was used to compare interlimb
differences between QT and BPTB autograft groups. Finally, Spearman’s Rho correlation
analyses were performed to determine relationships between physical function (hop test
score) and patient-reported function (IKDC scores) in both the QT and BPTB autograft
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groups. The hop test was chosen because it most correlated to strength and other
neuromuscular outcomes, when analyzing relationships among the whole sample. The
strength of correlations was categorized as low (<0.25), fair (0.25-0.49), moderate to
good (0.50-0.74), and good to excellent (>0.75).20 The alpha level was set a priori at
0.05. All analyses were performed using IBM SPSS Statistics 2.4.

RESULTS
Demographic data are presented in Table 1. There were no significant differences
between groups for any demographic variables. Both groups were considered very active,
as evidenced by the Tegner Activity Level scores. The QT group did have more males.
Therefore, we controlled for this by normalizing appropriate variables to body mass and
comparing interlimb differences, rather than raw surgical limb values.

Table 1. Demographic and Patient-Reported Outcome Data
Quad Tendon
Patellar Tendon
Autograft
Autograft
n=15
n = 15
(Mean ± SD)
(Mean ± SD)
Sex (M/F)
12M/3F
7M/8F
Age (years)
25.3 ± 9.7
21.5 ± 5.6
Height (cm)
176.9 ± 10.6
171.2 ± 10.8
Mass (kg)
78.8 ± 17.2
75.3 ± 18.8
BMI (kg/m2)
24.8 ± 4.3
25.6 ± 6.3
Time since surgery (mos)
10.5 ± 5.7
9.0 ± 4.3
Gait speed (m/s)
1.20 ± 0.21
1.24 ± 0.14
Tegner pre-injury
8.6 ± 1.5
8.5 ± 1.7
Tegner post-surgery
6.7 ± 1.6
7.1 ± 2.1
IKDC score
81.8 ± 9.2
79.2 ± 12.3
KOOS Pain
89.3 ± 8.5
86.3 ± 8.5
KOOS Symptoms
77.6 ± 16.1
76.9 ± 14.2
KOOS ADL
94.4 ± 6.6
96.2 ± 3.0
KOOS Sport/Rec
77.0 ± 15.1
70.0 ± 13.0
KOOS QOL
62.9 ± 20.5
67.1 ± 12.2

p-value

0.389
0.217
0.512
0.806
0.653
0.713
0.775
0.389
0.683
0.389
0.870
0.870
0.267
0.713
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In the QT autograft group, there were significant differences between surgical and nonsurgical limbs for all variables, except step length. (Table 2, Figure 1)

Table 2. Outcome Variables for QT Autograft Group
Surgical
Non-Surgical
pLimb
Limb
value
Mean ± SD
Mean ± SD
Strength & Activation
Knee extensor MVIC (Nm/kg)
1.35 ± 0.51
2.09 ± 0.68
0.001
Knee extensor peak torque 60°/s (Nm/kg)
1.47 ± 0.59
2.04 ± 0.74
0.004
Knee extensor peak torque 180°/s (Nm/kg) 1.46 ± 0.52
1.99 ± 0.58
0.001
Activation (%)
86.4 ± 7.5
90.9 ± 6.5
0.017
Cross-Sectional Area (CSA)
VMO CSA (cm2)
22.6 ± 7.1
27.5 ± 6.5
0.001
2
VL CSA (cm )
29.0 ± 7.4
35.2 ± 8.1
0.001
VI CSA (cm2)
23.5 ± 6.5
28.1 ± 6.2
0.001
RF CSA (cm2)
12.9 ± 3.4
14.2 ± 3.7
0.041
Functional Tests
Single-leg hop test (cm)
110.6 ± 51.8
125.2 ± 47.1
0.016
Crossover hop test (cm)
334.4 ± 124.2
378.8 ± 135.9
0.026
Step length during gait (cm)
70.8 ± 10.1
71.6 ± 10.8
0.173
MVIC=maximum voluntary isometric contraction; CSA=cross-sectional area;
VMO=vastus medialis oblique; VL=vastus lateralis; VI=vastus intermedius; RF=rectus
femoris

Table 3. Outcome Variables for BPTB Autograft Group
Surgical
Limb
Mean ± SD
Strength & Activation
Knee extensor MVIC (Nm/kg)
1.30 ± 0.44
Knee extensor peak torque 60°/s (Nm/kg)
1.35 ± 0.40
Knee extensor peak torque 180°/s (Nm/kg) 1.35 ± 0.38
Activation (%)
87.0 ± 7.7
Cross-Sectional Area (CSA)
VMO CSA (cm2)
18.3 ± 3.9
2
VL CSA (cm )
24.7 ± 5.4
VI CSA (cm2)
20.2 ± 3.6
2
RF CSA (cm )
12.2 ± 2.5
Functional Tests

Non-Surgical
Limb
Mean ± SD

pvalue

2.30 ± 0.71
2.14 ± 0.60
1.91 ± 0.36
95.3 ± 4.9

0.001
0.001
0.001
0.001

23.6 ± 4.8
30.1 ± 4.7
25.1 ± 6.2
13.3 ± 2.6

0.001
0.001
0.001
0.008
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Single-leg hop test (cm)
94.4 ± 36.3
121.5 ± 37.1
0.001
Crossover hop test (cm)
268.3 ± 105.6
322.1 ± 106.6
0.010
Step length during gait (cm)
69.0 ± 5.5
70.2 ± 5.8
0.085
MVIC=maximum voluntary isometric contraction; CSA=cross-sectional area;
VMO=vastus medialis oblique; VL=vastus lateralis; VI=vastus intermedius; RF=rectus
femoris

Figure 1. Differences between limbs for QT autograft group only. Black bars are surgical
limb. Grey bars are non-surgical limb.
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There were no significant differences between groups for any neuromuscular or clinical
outcome variables. (Table 3, Figure 2)

Table 4. Limb Symmetry Indices
Quad Tendon
Patellar Tendon
pAutograft
Autograft
value
(Mean ± SD)
(Mean ± SD)
Knee extensor MVIC (%)
67.2 ± 23.0
57.8 ± 16.3
0.267
Isokinetic strength at 60°/s (%)
74.2 ± 21.9
64.6 ± 14.6
0.285
Isokinetic strength at 180°/s (%)
74.1 ± 20.5
71.7 ± 19.1
0.653
Activation (%)
95.1 ± 6.5
91.3 ± 6.4
0.148
VMO CSA (%)
81.1 ± 10.8
78.3 ± 10.0
0.425
VL CSA (%)
82.5 ± 11.0
79.1 ± 8.6
0.193
VI CSA (%)
83.2 ± 10.0
82.3 ± 11.4
0.561
RF CSA (%)
91.2 ± 12.3
92.3 ± 9.5
0.400
Single-leg hop test (%)
85.1 ± 20.8
77.4 ± 14.7
0.156
Crossover hop test (%)
89.9 ± 15.2
83.6 ± 16.9
0.256
Step length symmetry (%)
99.0 ± 3.4
98.4 ± 3.4
0.653
No significant differences between groups. MVIC=maximum voluntary isometric
contraction; CSA=cross-sectional area; VMO=vastus medialis oblique; VL=vastus
lateralis; VI=vastus intermedius; RF=rectus femoris
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Figure 2. Limb symmetry indices compared between PT (black bars) and QT (grey bars)
[(surgical limb/non-surgical limb)*100%].

While controlling for graft type, there was no significant relationship (r=0.237,
p=0.233) between physical (hop test scores of the ACLR limb) and self-reported function
(IKDC scores). (Figure 3)

Figure 3. Relationship between physical and self-reported function in quadriceps and
patellar tendon autograft groups (white dots = individuals with quadriceps tendon
autografts; black dots = individuals with patellar tendon autografts)
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DISCUSSION
The purposes of this study were to: 1) describe the interlimb differences in
neuromuscular and functional outcome measures in individuals with ACLR using QT
autografts, and 2) compare those interlimb indexes to individuals with BPTP autografts.
While interlimb deficits were present in the individuals with QT autografts, those deficits
were not significantly different than those with BPTB autografts.
This is one of the first studies to describe and compare long-term functional
outcomes (9-10 months post) in individuals with QT autografts. The hop testing and gait
analysis performed in this study have not been previously described. Similar results were
observed between QT and BPTB autograft groups. We also compared knee extensor
strength between groups, which is also scarce in the literature. Han et al. found similar
results for isokinetic knee extensor strength at a two-year follow up post-ACLR, with no
significant differences between groups.8 Patient-reported outcomes have been more
commonly reported in the literature, with similar results to the present study. There were
no significant differences reported for Lysholm,7 IKDC,8,14,17 or KOOS scores17 when
comparing QT versus BPTB autograft groups.
Individuals with hamstring autografts were excluded from the present study, but
similar results have been reported when comparing long-term outcomes to individuals
with QT autografts. At a two-year post-surgical time point, there were no differences
between groups for Tenger, Lysholm, or visual analogue scores.22 Cavaignac et al. found
that QT autograft group showed statistically better KOOS and knee stability scores, while
anterior knee pain levels and isokinetic strength was similar compared to hamstring
autograft group.3 Lee et al. also found no differences in knee extensor strength between
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groups, but did find significantly greater knee flexor strength in the QT group.16
Preservation of knee flexor strength may be a protective factor in providing knee stability
and preventing re-rupture.
We found that interlimb deficits in muscle CSA were not statistically different
between groups, though the QT group trended toward greater CSA for all quad muscles.
Quadriceps CSA has been evaluated in one other study comparing QT versus hamstring
autografts.5 In this study, quadriceps cross-sectional area increased following eccentric
strength training post-ACLR, with graft type (QT and hamstring autografts) not affecting
results. (It should be noted, though, that comparing graft types was not the primary aim of
the study.) Although much more work is needed, early results are promising: direct
alteration of the extensor mechanism through extraction of the quadriceps tendon during
surgery produces long-term quadriceps CSA similar to other autograft types.
Rehabilitation guidelines for individuals with QT autografts are scarce. Given
what we know regarding long-term outcomes in QT versus BPTB, rehabilitation should
remain relatively similar to that with BPTB. But there is still room for improvement.
Despite finding no significant differences between groups, individuals with the QT
autograft still had statistically significant deficits between limbs in all outcomes
measures. Most notably, quadriceps size and strength were significantly less in the ACLR
limb, even 10 months following surgery. Further work is needed to optimize recovery
through maximizing use of the quadriceps muscles, no matter the autograft type. Because
biomechanical studies have revealed that the QT autograft is stronger1,10,25 with a greater
cross-sectional area25 than the BPTB autograft, it is possible that the quadriceps of
individuals with QT autograft ACLR can be pushed harder and earlier without fear of
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compromising the healing graft. The additional preservation of knee flexor strength4 may
allow for greater knee joint stability while aggressively strengthening the quadriceps
muscles earlier following surgery.
Limitations
This study is not without limitations. Primarily, the study design is a limitation, as
we were not able to collect pre-surgical data or control for access and compliance to
rehabilitation. This was a study of convenience sampling, therefore, the range of time
since surgery is quite varied. However, all individuals were at least six months postsurgery and there was no significant difference between groups for time-since-surgery.
The percentage of males and females in each group was different. To account for this,
appropriate methods were undertaken to limit gender bias in the outcome measures.
These methods included normalizing torque to body mass and comparing interlimb
differences. Our QT autograft sample was slightly older and had more males, which is
not reflective of the ACLR population, where a greater percentage of females that sustain
injuries and reconstructions. Males and older individuals may be selectively chosen for
QT autograft at a greater rate, since the tendon length and thickness are predicted by
patient’s height.35 Additionally, we recognize that we were likely not powered to detect
differences between groups. Future study should include more rigorous study designs
(i.e., randomized controlled trials) to longitudinally assess both the early changes and
long-term outcomes of the QT autograft compared to the BPTB or other autograft
procedures. According to the data of the present study, effect size of vastus medialis
muscle size was calculated at 0.75. At alpha level 0.05 and 80% power, we would need
29 individuals per group to detect statistical significance in this variable in future study.
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Conclusion
In conclusion, while interlimb deficits were present in the individuals with QT
autografts, those deficits were not significantly different than those with BPTB autografts
at 10 months following surgery. Research of the QT autograft in ACL reconstruction has
been steadily increasing over the past two decades and continues to show that the QT is a
viable graft option. Early post-surgical outcomes show promise, but further work on
long-term clinical outcomes will help us to feel even more confident. Additionally, future
work should focus on improving rehabilitation for individuals with QT autografts in order
to optimize neuromuscular outcomes and functional performance.
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INTRODUCTION
Anterior cruciate ligament (ACL) sprains are one of the most debilitating knee
joint injuries. They occur in nearly 300,000 Americans per year and have an economic
impact exceeding $2 billion in U.S. healthcare dollars.12 ACL reconstruction (ACLR) is a
surgical procedure performed to stabilize the injured knee joint and promote return of
function. Unfortunately, complete functional recovery is not always achieved, resulting in
25-45% of individuals failing to return to pre-injury activity levels.3,7 Especially in these
individuals, recovery is a multifaceted and can be clinically challenging to quantify. With
the ongoing paradigm shift toward a patient-centered model, more researchers and
clinicians are acknowledging the importance of assessing recovery from the perspective
of the patient, particularly administering patient-reported outcomes (PROs).
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PROs provide subjective information, which can be expressed as objective
quantifiable data, and are an integral piece of rehabilitative care for individuals with a
variety of knee injuries and conditions.16 The Knee Injury and Osteoarthritis Outcome
Score (KOOS) is one of the most common knee-related PROs used to assess perceived
knee health and function in individuals with an ACLR. However, the orthopedic
community has expressed concerns with the lengthy nature of the KOOS (42 items with
responses in a five-level Likert scale structure). Thus, shorter forms are beginning to
emerge: the KOOS-JR is a seven-item questionnaire intended to measure the construct of
knee health.15 It was originally developed using individuals with end-stage osteoarthritis
scheduled to undergo total knee replacements.15 More recently, however, the KOOS-JR is
being administered to individuals following ACLR. While the KOOS-JR does have the
potential to decrease respondent burden and promote efficiency in administration,
theoretical and methodological investigation must be undertaken to determine its clinical
usefulness in the ACLR population.
The measurement properties of the full-length KOOS have been previously
evaluated with traditional test methods (t-tests, factor analysis, etc.), otherwise known as
classical test theory. However, these methods are often insufficient in establishing
measurement properties in data with an ordinal response structure, such as the Likert
scale responses used in the KOOS and KOOS-JR.2,21 Alternatively, ordinal response
structures can be evaluated using item response theory and, more specifically, Rasch
modeling. Rasch modeling is the gold-standard in modern measurement and is described
as “currently the closest generally accessible approximation of fundamental measurement
principles of the human sciences.”6 It utilizes probabilities to investigate the relationship
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between difficulty of the items and ability of the persons within the sample, taking into
consideration which items are more or less difficult and which persons have more or less
ability.6 Many PROs used in ACLR and other orthopedic conditions, including the
KOOS-JR, have not been evaluated in this way. It is important to determine whether
KOOS-JR data adhere to the Rasch model prior to widespread implementation for
research and clinical use.10
The purpose of this investigation was to evaluate the dimensionality and
psychometric properties of the KOOS-JR using Rasch analysis in individuals following
ACLR. Since the KOOS-JR was developed using Rasch for individuals with
osteoarthritis, we hypothesized that it will continue to fit the Rasch model when used for
individuals post-ACLR. We also hypothesized the use of the KOOS-JR in individuals
post-ACLR will result in ceiling effects, since individuals who sustain ACL injuries tend
to be younger and higher functioning than individuals experiencing osteoarthritis. Should
our hypotheses be confirmed, we can utilize the KOOS-JR with more confidence that it is
a useful indicator of knee health following ACLR.

METHODS
Data Source
This was a collaborative project involving a retrospective analysis of crosssectional KOOS-JR data pooled from four different studies taking place at three research
centers (Univ. of North Carolina-Chapel Hill, Michigan State Univ., and Medical Univ.
of South Carolina). Individuals who completed this questionnaire had a history of
unilateral ACLR. No questionnaires were excluded from analysis based on respondent
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demographics. A sample size of at least 100 surveys was needed to conduct the
forthcoming analyses.5 The current project was approved as “not human subjects”
research (retrospective analysis of de-identified survey data) by the institutional review
board of the primary author’s institution.
The KOOS-JR Questionnaire
The KOOS-JR includes a total of seven items that inquire about stiffness, pain,
and activities of daily living, intended to represent the construct of knee health.15 Creators
of the KOOS-JR retained instructions and wording of items from the original KOOS
questionnaire, and like the original, a five-level Likert scale is used for responses.
Responses are “none” to “extreme” difficulty and coded 0-4, respectively. The KOOS-JR
is scored by summing the raw scores of the seven items (0-28) and converting them to a
Rasch-based interval score ranging from 0-100, where 0 represents “total knee disability”
and 100 represents “perfect knee health.” These interval scores were generated using
Rasch-based scores from a validation cohort.15 (The KOOS-JR and conversion table for
scoring can be accessed from the following URL: https://www.hss.edu/hoos-jr-koos-jroutcomes-surveys.asp)
Statistical Analyses
Rasch Analysis
Rasch analysis was conducted to test the psychometric properties of the KOOSJR using Winsteps® Rasch Measurement, Version 4.0.1. Specifically, joint maximum
likelihood estimation was used with a partial credit Rasch model. A partial credit Rasch
model was used because the KOOS-JR contains two conceptually different groups of
items: pain/stiffness in questions 1-5, and function in questions 6-7.
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A multi-step approach was used to determine the measurement properties of the
KOOS-JR. First, appropriateness of the rating scale was evaluated with the following
criteria: 1) ten or more observations in each rating scale category, collapsed across all
items; 2) monotonicity of rating scale categories (i.e., increase in average category
difficulty with increasing category value); and 3) outfit mean square < 2.0. Second, item
fit statistics were used to identify misfitting items, where mean square standardized
residuals >1.6 and standardized z-scores >2.0 indicated misfit.22 Point measure
correlations were also evaluated to investigate the extent to which each item of the
KOOS-JR related to the other items. Correlations of r > 0.75 were considered as strong,
0.25 < r < 0.75 as moderate, and r < 0.25 as weak.18 Moderate correlations are desired,
indicating minimal inter-relationship among items. Third, person fit statistics were used
to identify persons with response patterns that did not adhere to the Rasch model, with
mean square standardized residuals >1.6 and standardized z-scores >2.0 indicating person
misfit.22 Fourth, reliability indicators were evaluated including: 1) person reliability,
which represents the reproducibility of person ordering; and 2) separation index, which is
used to calculate the number of statistically distinct person ability strata in the sample.23
Person reliability was considered adequate for values ≥ 0.50, good for values ≥ 0.80, and
high for values ≥ 0.90. The number of person strata is calculated as

(4𝐺)+1
3

where G is the

person separation index.23 Last, we evaluated test targeting and test coverage (i.e.,
presence of ceiling or floor effects) via visual observation of person-item maps. Ceiling
or floor effects are revealed if subjects show extreme scores (higher or lower scores than
what can be measured by the items). An acceptable maximum percentage of individuals
in the ceiling or floor without affecting results is 15%.17
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Unidimensionality
One of the primary assumptions of the Rasch model is unidimensionality. In other
words, all items must represent a single construct. To test this assumption, we utilized
post-hoc testing with principal components analysis (PCA) of Rasch residuals.14 We
determined that the items had sufficient unidimensionality if they met the following
criteria: 1) Rasch dimension explains at least ~40-50% of the raw variance; 2) first
contrast in residuals explains < ~ 4%, which is the amount to be expected by chance; 3)
eigenvalue of the first residual contrast is ≤ 2.0; and 4) item loadings on the first residual
contrast are < |0.38|. The PCA of Rasch residuals was conducted in Winsteps® Rasch
Measurement, Version 4.0.1.
The impact of multidimensionality on the estimation of person measures was
evaluated using a series of t-tests to compare person measures derived from all items to
person measures derived from subsets of items defined as contributing to
multidimensionality.19 The rationale behind this approach is that, if the KOOS-JR items
are sufficiently unidimensional, there should not be a significant distortion in person
measures obtained from any subset of the seven items. Approximately 5% of person
measures would be expected to be distorted by chance alone. Thus, if the 95% binomial
confidence interval for the proportion of individuals with significantly distorted person
measures includes 5%, then the items can be treated as unidimensional.
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RESULTS
Participant Demographics and KOOS-JR Outcomes
KOOS-JR questionnaires from 166 individuals following ACLR were included in
this analysis, an adequate sample size to conduct the methods described above.5 The
Rasch-derived score of the KOOS-JR for the entire sample was 79.9. No individuals were
excluded based on any participant demographics, which are presented in Table 1.

Table 1. Respondent Demographics (n=166)
Median (IQR)
Age (years)

20 (4.5)

Time Since Surgery (months)

10 (28)
n(%)

Male

68 (41%)

Female

98 (59%)

IQR = interquartile range

Rasch Analysis
Rasch analysis results were first examined to determine the appropriateness of the
rating scale. Results revealed that each rating scale category had at least 10 observations,
demonstrated monotonicity with the other categories, and had outfit mean square
statistics <2.0, indicating that the rating scale had adequate fit to the Rasch model.
Second, item fit to the Rasch model was evaluated (Table 2) and all items met
infit and outfit criteria for adequate fit. Point measure correlations were of moderate
strength, indicating that the items were not excessively inter-related. Items in Table 2 are
listed in order of item difficulty.
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Table 2. Individual Item Statistics
Infit

Outfit

Logit
Measure
MnSq
ZStd
MnSq
ZStd
r
(SE)
Standing
1.47 (0.23)
1.10
0.60
0.66
-1.30
0.52
Bend to Floor
0.23 (0.19)
0.90
-0.5
0.86
-0.6
0.57
Straighten Knee
0.12 (0.16)
1.27
1.8
1.07
0.5
0.60
Rise from Sit
-0.04 (0.18)
0.91
-0.4
0.79
-1.0
0.60
Up/down Stairs
-0.28 (0.15)
1.06
0.5
0.99
0.0
0.63
Stiffness
-0.69 (0.14)
0.95
-0.3
0.94
-0.4
0.67
Twist/Pivot
-0.81 (0.14)
1.08
0.7
1.07
0.6
0.67
SE = Standard error; MnSq = Mean square standardized residual; ZStd = Standardized zscores; r = point-measure correlation

Third, evaluation of person fit revealed only three of 166 individuals (1.8%) had
responses that did not fit the Rasch model. These individuals were young females that
had some of the lowest person measures in the sample. Examination of reliability
indicators revealed that person reliability was 0.47, indicating less than adequate
reproducibility of person measures. Additionally, the person separation index was 0.94,
which was input into the formula for strata calculation.23 The strata calculation revealed
that the KOOS-JR failed to divide the sample into two strata (strata = 1.59).
Substantively, this result indicates that, based on these measurement properties, the
KOOS-JR has limited ability to separate individuals who have problems with “knee
health” from those who do not.
Last, test targeting and coverage were examined by inspecting the distribution of
item and person measures on person-item maps (Figure 1). The mean person measure
was 3.56 logits (standard error = 1.01) higher than the mean of the items, suggesting that
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the present sample was skewed towards good knee health. Ceiling effects of the KOOSJR were substantial, with 36 individuals (22%) who achieved maximum extreme scores,
although no floor effects were found.

Figure 1. Person-Item Map. The right side of the map represents the seven items of the
KOOS-JR, anchored at 0. The left side of the map represents persons. Persons are a mean
of 3.56 logits higher than the mean item measure, which is anchored at 0. Each "#" is 3
persons; Each "." is 1-2 persons.

Unidimensionality
In assessing unidimensionality, two of the four criteria were met: 1) the Rasch
dimension explained 41.1% of the raw variance, and 2) the eigenvalue of the first residual
was 1.56. The other two criteria were not met, as the first contrast in residuals explained
only 13.1% of the raw variance, and four items (stiffness, straighten, rise from sit, and
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twist/pivot) demonstrated loadings on first residual contrast >|0.38|. Therefore, the
KOOS-JR items were subjected to a series of analyses to determine the impact of any
multidimensionality on person measures.19 Independent t-tests were used to calculate
differences between person measures obtained from all seven KOOS-JR items when
compared with person measures obtained from the items that loaded significantly on the
first residual contrast (stiffness, straighten, rise from sit, and twist/pivot). Findings
revealed that only 6.0% (95% binomial confidence interval: 2.9-10.8%) of person
measures were distorted, which suggests that the seven KOOS-JR items were sufficiently
unidimensional.19

DISCUSSION
The purpose of this study was to determine the extent to which the KOOS-JR
measures the construct of knee health in individuals post-ACLR. Although the KOOS-JR
represented a unidimensional construct with items and persons of this sample fitting the
Rasch model, several limitations were noted including ceiling effects, low person
reliability, and poor person differentiation. Presence of substantial ceiling effects
indicates that many individuals in this sample experienced better knee health than the
KOOS-JR items were able to measure. These results suggest that the value of the KOOSJR in evaluating rehabilitation outcomes post-ACLR for research and clinical purposes
may be improved by the addition of more difficult items, which would allow for better
differentiation of individuals with and without limitations in knee health.
The use of the KOOS-JR is appealing due to its shortened length, high internal
consistency, and ease of scoring. However, findings of this study suggest the need to re-
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evaluate its use in ACL injury and surgery, as it was originally developed for individuals
with end-stage osteoarthritis, who have greater disability and functional limitations.
Research shows that the KOOS-JR functions well to measure knee health in the
osteoarthritis population.13,15 In fact, the Comprehensive Care for Joint Replacement
model currently recommends use of the KOOS-JR for patients with osteoarthritis
undergoing total knee replacement. Mandated use of PROs anticipated to occur within 45 years.8 It is likely that these standards for clinical care and research in ACL injury and
reconstruction will follow suit, as this area is closely related to that of osteoarthritis and
total knee replacement. As healthcare research and practice progresses, it is likely that
stakeholders will continue to promote the use of PROs for both reimbursement purposes
and to improve quality of care.
It is important to note that surgical and rehabilitation perspectives regarding the
use of PROs may vary. From a surgical perspective, the KOOS-JR reflects good postsurgical outcomes as many individuals achieve high scores. However, from a
rehabilitation perspective, the presence of substantial ceiling effects makes it difficult to
differentiate person ability levels and use scores to inform the development of treatment
plans. As such, this questionnaire may not be sensitive enough to detect changes in
function following rehabilitation interventions. In the context of rehabilitation, PROs
should provide supportive information on the patient’s functioning to help clinicians
understand patient perception of their own recovery, as well as identify deficits that can
be targets for intervention to facilitate optimal return of function. Following ACLR, it is
well-established that patients experience limitations in recovery, observed via clinicaland lab-based measures (e.g., muscle strength, functional performance, etc.).1,20 In
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addition to clinical- and lab-based measures, PRO research has revealed that patients
experience problems with psychological readiness to return to activity,4 self-efficacy and
motivation,11 and kinesiophobia (patient report of fear of moving/reinjury).9 Evidence
suggests that effusion, giving way, muscle strength symmetry, return to sport, and
patient-reported function were key criteria for evaluating ‘successful outcome’ after
treatment for ACL injury.16 As such, it is imperative that researchers and clinicians
ensure that patient-reported function is evaluated with efficient and precise tools to allow
for better understanding of responses to treatment. Although The KOOS-JR asks
questions about functioning, such as twisting/pivoting and knee bending, our results
suggest that the instrument is unlikely to be effective in detecting changes resulting from
post-ACLR rehabilitation treatment.
An alternative to the KOOS-JR could be the “Function/Sports/Rec” and “Quality
of Life” subscales from the full KOOS questionnaire, as these two subscales have shown
fit to the Rasch model in previous study.10 These two subscales together are only nine
items, allowing for time efficiency and decreased respondent burden.
Limitations
While our study provides new insight into the potential use of KOOS-JR in
individuals post-ACLR, there are some limitations which should be addressed. First,
KOOS-JR responses were derived from the full KOOS questionnaire (42 items) and it
remains unknown if outcomes would have differed. However, we do not feel that this
would have substantially changed the findings of this study. Second, our study was crosssectional in nature and not prospective. Therefore, individuals included in this analysis
were a median of 10 months post-ACLR, which may partly explain why individuals in
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this sample achieved such high scores. In future research it will be important to include
more individuals in the earlier stages post-surgery to determine the ability of the KOOSJR to measure knee health across the continuum of recovery.
Conclusion
The KOOS-JR was found to represent a unidimensional construct and have
adequate person and item fit to the Rasch measurement model for measuring knee health
in individuals post-ACLR. However, among other psychometric limitations, the KOOSJR demonstrated substantial ceiling effects for this sample of individuals who were, on
average, nearly one year post-surgical intervention. The use of the KOOS-JR in
rehabilitation research and treatment of ACLR needs to be reconsidered, particularly for
individuals in the later stages of recovery.
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CHAPTER 7

SUMMARY AND DISCUSSION

Integration of Findings of the Studies
The overall goal of this dissertation was to describe neuromuscular variables,
functional outcomes, and patient-reported outcomes that contribute to recovery following
ACLR. It is evident that individuals following ACLR, no matter the autograft type,
experience declines in neuromuscular and functional outcomes, particularly in the
surgical limb. The hop test continues to be a useful indicator of neuromuscular function
in the long-term following ACLR, as evidenced in correlation analyses of this
dissertation. Gait and patient-reported outcomes were not useful indicators of
neuromuscular function at the time point studied (10 months post-surgery). When
comparing limb symmetry indices for all variables, there were no significant differences
between QT and BPTB autograft groups. In combination with previous studies that show
the QT to be a favorable graft option in the earlier stages post-surgery, the results of this
study show promising data on its viability in long-term recovery. In regard to patientreported function, retrospective analysis of the KOOS-JR revealed that it does not
provide any additional information of status of recovery following ACLR. Taken
together, the results of this dissertation expose the included outcomes as indicators (or
not) of recovery following ACLR, while providing the necessary preliminary data for the
improvement and future clinical translation of these outcome measures.
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Limitations
Though this dissertation contributes novel information to our understanding of
recovery following ACLR, especially in individuals with quadriceps tendon autografts, it
is not without limitations. These limitations include:
1) The retrospective nature of the studies included in this dissertation:
a. The studies of Aim 1 and 2 were retrospective cohort studies, in which
patients with history of ACLR were recruited via medical records.
Therefore, we were unable to collect pre-surgical or early post-surgical
outcomes.
b. The study of Aim 3 was a retrospective analysis of de-identified survey
data. It is possible that results could differ had the KOOS-JR been
collected prospectively, or if KOOS-JR responses were collected
independent of the full KOOS questionnaire. Regardless of the way the
KOOS-JR was collected, we feel confident that conclusions would have
remained the same.
2) Sample size was relatively small. Sample size calculations were based on
comparison of differences between surgical and non-surgical limbs. Therefore, we
recognize that we may have not been powered to detect differences between QT
and BPTB autograft groups in Aim 2. The data revealed that effect sizes of two of
our primary variables, isokinetic knee extensor torque and vastus medialis muscle
size, were 0.37 and 0.75, respectively. At alpha level 0.05 and 80% power, we
would need 116 individuals per group to detect significance in knee extensor
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torque and 29 individuals per group to detect significance in vastus medialis
muscle size.
3) Participants in QT and BPTB autograft groups were not matched on demographic
variables. Although we found there to be no significant differences between
groups for demographic variables, the groups did exhibit different ratios of males
to females and quite a large range of time since surgery. Future trials could
attempt to match subjects based on demographic variables that may influence
outcomes.
4) Central activation using the superimposed burst technique was the only measure
of central drive used in these studies. Though it is commonly used in ACL
research, it does not directly measure alpha motorneuron pool excitability. With
the advancement of technology and our understanding of neuromuscular
physiology following ACLR, more advanced techniques of central drive can be
incorporated.

Future Research Directions
The primary direction of future research endeavors should be to optimize the
collected outcomes as indicators of functional recovery following ACLR. Clinical
applicability and translation of these measures is of the utmost importance. The
neuromuscular deficiencies of the quadriceps must be addressed, especially considering
that this sample showed quadriceps dysfunction 10 months following surgery. Earlier
time points must be studied to determine the extent to which included outcomes could
serve as early predictors of response (or not) to rehabilitation. Innovative approaches to
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rehabilitation must also be developed. Targeting rehabilitation clinicians is necessary to
ensure that they understand and are skilled in use of indicators of neuromuscular
dysfunction.
Future research on gait should focus on quantifying the longitudinal changes in
speed and asymmetries following surgery, particularly in the earlier time points following
surgery. Gait at self-selected speed was specifically evaluated in this dissertation because
of emerging evidence indicating its contribution to development of osteoarthritis. With a
greater understanding of the longitudinal changes, we can design interventions aimed at
preventing early-onset post-traumatic osteoarthritis.
Using the results of this dissertation as preliminary data, we are developing a
randomized controlled trial proposal to compare the long-term clinical outcomes of
ACLR with QT versus BPTB autografts. A rigorous study design, such as in a
randomized controlled trial, will improve surgical and clinical confidence in the
quadriceps tendon as a viable graft option. Collaboration with other institutions is
possible and may be necessary depending on sample size estimations.
In regards to patient-reported function following ACLR, future study should
include developing and/or improving existing questionnaires. With the push to include
patient-reported outcomes in large research trials, we want to ensure that the most
efficient tools are being used. This will in turn save clinician time and respondent burden
in research trials and clinical practice.
Additional data were collected concurrently with the data presented in this
dissertation. These data include kinetic and kinematic variables during a series of walking
trials and jump landing tasks. Additional MR images were collected in order to conduct
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retrospective analyses of the healing of graft and donor site, particularly the quadriceps
tendon. These data will be also analyzed and prepared for publication in the future.

